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(ABSTRACT) 

Bisphenol-A based poly(arylene ether)ketones (PAEKs) are tough, amorphous processable 

thermoplastics possessing a glass transition temperature of approximately 160 °C. In the form 

of a thermoset, these polymers have potential usages as structural engineering matrix resins 

or adhesives, as well as modifiers for existing engineering polymers. Thermosets of PAEKs 

can be prepared through the incorporation of amine, maleimide, or nadimide groups onto the 

ends of the polymer chains followed by the curing of the materials at elavated temperatures. 

Plates for mechanical testing, 1/8 inch in thickness or greater, were prepared by first 

degassing the polymeric powder under vacuum at temperatures 10-50 °C above the Tg of the 

respective oligomer for short periods of time, followed by compression molding of the result- 

ing material. The networks exhibited high fracture toughness values, as determined by 3 point 

bend measurements, Tg’s around 160 °C as well as a stable rubbery modulus to above 350 

°C, as determined by dynamic mechanical measurements. Toughness of these networks in- 

creased dramaticly with increasing Mc up to the chain entanglement molecular weight. Tg and 

rubbery modulus were only slightly altered by Mc. The swelling of these networks in 

chloroform reveals a two stage increase in solvent absorption. The two stages are believed 

to be related to the viscoelastic extension of the chains followed by subsequent 

disentanglement of dangling ends allowing further extension. The toughness behavior of 

thermoplastic PAEK oligomers versus molecular weight was found to parallel the oligomer’s 

melt viscosity behavior. As a modifier, PAEK cocured with bismaleimide produces network 

substantially tougher than the unmodified bismaleimide network. Control experiments with 

non-reactive PAEK oligomers demonstrated the necessity to functionalize the oligomers to



produce the toughening effect. Cocured systems were found to possess a homogeneous 

morphology while physically blended systems phase separated. Swelling occurred in a single 

stage, possibly due to the high concentration of functional groups which eliminated dangling 

ends from the network. These networks possess a Tg at 160 °C, associated with the relaxation 

of PAEK, and stable rubber modulus of above 350 °C whose absolute value was a function of 

the BMI/PAEK ratio.



Acknowledgements 

Looking back over the past 11 years of my life which | have spent as:a student at Virginia 

Tech, there have been dozens of people who have, in one way or another, given me the sup- 

port I’ve needed to get my Ph D. Certainly, this list not only includes my coworkers and pro- 

fessors, but my family and friends as well. | would like to acknowledge them all separately 

here so that | could highlight the support they have provided, but that would be impractical. 

Therefore instead, and since | have a sentimental streak in me, | prefer to acknowledge some 

of those places and events which | will remember my years at Virginia Tech by: Hokie bas- 

ketball games at the coliseum; movies and chili dogs at Stig’s; unit operations lab; Saturday 

morning basketball: after dinner ping-pong: 5th floor AJ; doughnut eating contests during 

group meetings; Friday night basketball with the chemistry graduate students: lunch time 

basketball with the faculty; “burn in hell!”;“one more slide”; “hey you”; shart courses; summer 

afternoons on the Tech golf course; Friday nights at Pizza Hut; Saturday nights at Macado’s; 

compression molding; vapor phase osometry; purification of methyl methacrylate; summer 

evening ice cream breaks; bike rides through Ellite Valley; Dave and Mary Ward’s 

housegroup; Blacksburg Christian Fellowship. 

Acknowledgements iv



Dedication 

During my fifth year as a graduate student, | felt | had just about stomached all of Virginia 

Tech | could take. After 9 years of school here, with probably several more to go, | had lost 

hope that there was a light at the end of the tunnel. And even if that light did exist, | saw no 

reason for trying to reach it. Part of this hopeless feeling came from the sense, that as a 

scientist, | just did not measure up to those around me. | tried to overcome this feeling by 

trying to work harder than anyone else; by doing more than what was required from me. This 

only depressed me further however, when | saw those around me get much credit, while | got 

none. It was not that | wanted or needed to be best, | just wanted to be appreciated. To make 

matters worse, over a period of a year, | saw all my friends who | had started school with, 

some of who | felt very close to, graduate and move away, leaving me behind. | was angry, 

frustrated, but most of all | felt alone. | considered quitting school. 

Then something happened to me that changed my life. | found God. You might ask what 

. do | mean by “| found God”. | can only tell you that while | was growing up | always considered 

myself a good Christian. | went to church religiously, | stayed out of trouble, | believed in God 

(or at least | thought | did). After | came to college though, | stopped going to church. | guess 

| stopped going because my religious beliefs really did not mean that much to me. It was then 

someone told me that for Christianity to mean something, you had to believe in God not only 

Dedication Vv



in your mind, but in your heart as well; and the only way to do that was to ask God to come 

in and take over your life. [ really did not like the thought of doing that at the time because | 

wanted to run my own life. It was not till this hard time in graduate school that | realized that 

if | was running my own life, | was doing a pretty rotten job considering how terrible | felt. So 

| decided to fire myself as the one in charge of my life and ask God to come in and take over. 

That was the best decision I’ve ever made, because He has turned my life around. Some 

people call it being “born again”. | can see why, because it was like getting a new start on life. 

Because upon making my decision to follow God, came a belief in my heart that God really 

does exist. And once you truely believe that God exists, you are given a hope and a purpose 

to your life that nothing can take away. It’s really a fantastic feeling. 

Therefore, | would like to dedicate this thesis to my savior, Jesus Christ, who gave me 

the opportunity of finding God by dying for me on the cross. Not only did He start a spark in 

my soul, He placed people in my life who have kindled that spark into a flame, so that they 

can also find God. | am forever grateful. 

Dedication vi



Table of Contents 

Chapter 1 Introduction 

Chapter 2 Mechanics 

2.1 Mechanics of Materials ....... 0.0.0... cc eee ee ee ee ees 

2.1.3 Stress Transformation ....... 0.0... cc cee eee eee eee | 

2.1.4 Hydrostatic and Deviatoric Stress 

2.1.5 Plane Stress and Strain 

2.1.6 Stress Concentration 

2.2 Fracture Mechanics 

2.2.1 Fracture Energy 

2.2.2 Strain Energy Release Rate 

Cr 

ee © a ee he ee ee ele eee ell le ll 

ee 

Cr 

Cr ee 

2.2.3 Stress Intensity ........ ce eee ee ee eee eens 

2.2.4 Crack Tip Stresses 

2.2.5 Plastic Zone 

Cr 

Cr 

2.2.6 Modes of Fracture .... 2... . cc ee ee eee tees 

Table of Contents 

Cr 

vii



2.2.7 Fracture Toughness Testing ............ eee eee eee ees Meee eee 35 

Chapter 3. Mechanical Properties of Polymers ......0.cccceeeeeeees deeeeeeeeeas 43 

3.1 Tensile Behavior of Polymers ..... 0... cece eee ee eet eee ee ee ee eens 43 

3.2 Elastic Modulus 61... eee te ene eee ne tees 45 

3.2.1 Typical Modulus ValueS 2... . ce ce ee te ee eee eens 45 

3.2.2 Molecular Theories 2... ee eee ee ne ee ee eee eee 46 

3.2.3 Thermodynamic and Structure Effects ...... 0... 0... cece eee ee eee ees 48 

3.2.4 Time Effect 2... ee ee eee eee ee ee nee ene 50 

3.3 Yielding 2... ccc eee ee eee eee eee eee nee ee eens 51 

3.3.1 Yield Stress 2. eee eee ee eee eee 54 

3.3.2 Viscoelastic and Structural Effects 2.0.0... eee eee eee ee eee 54 

3.3.3 Yielding TheorieS 2.2... . cc eee ee ee eee eee eens 55 

3.3.5 Strain Softening and Hardening .......... ccc ccc ee ee eet eens 67 

3.3.6 Forms of Yielding ... 20... ccc ee et eee ete e teenies 67 

3.4 Tensile Strength 2... ... ce ce eee ee ee ee nee eee eee ne ees 73 

3.4.1 Molecular Weight Effect 2... 0... cc ee eee eee eee 73 

3.4.2 Tensile Strength Theories ... 0.2... ..... cc ee eee eens 73 

3.5 Ductile Brittle Transition 2.0... ee ee eee tne eens 76 

3.6 Fracture ToughneSS ......... ee ee eet eee eee eect enaee 78 

3.6.1 Viscoelastic Effects 2.0... 0... . ee eee ees eee eee eee 78 

3.6.2 Geometry Effects 2... cc ee ee ee tee eee ete eens 80 

Chapter 4 Review of Materials 1.1... . ccc ccc tec r eee eer ereeeees | cence e ver eee 82 

4.1 Polyarylene Ether Ketones ....... 0... 0. cece eee eee eens ees 83 

4.1.1 Solvent and Chemical Resistance .............-..200 020 levee veeeees 83 

4.1.2 Thermal, Oxidative, and Radiational Stability .............. teens 84 

4.1.3 Mechanical Properties ....... 0.0... ccc ee ee ee es lve ceceeues 84 

Table of Contents viii



4.1.4 Composite Applications 2.2... .. . ee ee eee eee 

4.1.5 Synthesis of PEEK ........ ccc ce et een te teen ences 

4.1.6 Crosslinking of Polyether Ketones ......... 0... . cece eee eee eens 

4.2 Bismaleimides ..... 0... 2... eee eee eee ee eee 

4.2.1 Synthesis and Curing of Bismaleimides ............. eee ee ee eee 

4.2.2 Bismaleimide Resins (2.0... ee en eee eee ene eee etnes 

Chapter 5. Experimental ........ 00. cc eee eee reece eer envenes eee e eee eeee 

5.1 Synthesis of Poly(Arylene Ether) Ketone Oligomers and Polymers ............ 

5.1.1 Amine Terminated PEKE Oligomers .......... 0. cece eee eee teens 

5.1.2 Maleimide Terminated PEKE Oligomers ........... 00 eee eect e eee 

5.1.3 Nadimide Terminated PEKE Oligomers .......... 0... ce eee eee eee eee 

5.1.4 Para t-Butyl Phenyl Terminated PEKE Oligomers ........... 20 c eee eee 

5.1.5 Maleimide Terminated PEKKE Oligomers ........... 0.0 cc eee eens 

5.2 Molecular Weight Determination ....... 0... 00. ccc cee ee eee eee eee 

5.2.1 Titration of Amine End Groups ........... eee eee tee eee ees 

5.2.2 Proton NMR Spectroscopy ......... cc eee eee eet eee enas 

5.2.3 Intrinsic ViSCOSIity 2... ce te eee eee eee eens 

5.2.4 Melt Viscosity 2... 0... ee te eet eee tenet e anne 

5.3 Blending Investigations ... 0... 0... cee ee ee eee nee eens 

5.3.1 Blends of BMI with Maleimide Terminated PEKE .......... bocce ee eeeas 

5.3.2 Blends of Functionally Terminated PEKE Oligomers ............0200 eee 

5.4 Molding and Curing of Poly (Arylene Ether) Ketones ..............00 0c tees 

5.4.1 Introduction 2... ce ee ee ee eee ee eee eee eee 

5.4.2 Generalized Procedure for Test Specimen Fabrication .................- 

5.5 Solubility 2... ene eee eee ee ene teen eee 

5.6 Swelling 2.0... .. cc ee ee eee eee eee eee eee eee eee 

Table of Contents



5.6.1 Procedure ........ ee tee eee ee eee ee ee eens {27 

5.6.2 Determination of Number Average Molecular Weight between Crosslinks .... 127 

SP ANNEALING 2... ce ee ee ee eee ee eee eee eee ee eee eee 128 

5.8 Mechanical Testing ...... 0... 0 cc cee ee eee tenet e eee eens 129 

5.8.1 Fracture Toughness Testing ......... cece ete te eee tet eens 129 

5.8.2 Stress-Strain MeasurementS ...... 0... eee ee ee eee ee 132 

5.8.3 Dynamic Mechanical Thermal Analysis .......... 0.0.00 ee eee eee eens 132 

59.8.4 Creep oo ee ee ee eee eee eee 133 

5.9 Thermal Analysis 2.0.0... ccc ee eee ee ee eee eee ee eens 133 

5.9.1 Differential Scanning Calorimetry ....... 0... ccc eee eee eens 133 

5.10 Spectroscopy and Microscopy ........ 0. . cece ee ee ee eee eee ees 134 

5.10.1 Proton Nuclear Magnetic Resonance ......... cee eee tees 134 

5.10.2 Scanning Electron Microscopy ..... 0.0... ccc eee eee eee 134 

5.10.3 Optical Micrographs of Cross Sections to the Fracture Plane ............ 134 

S.11 Chemicals 2... eee eee eee tee ee ee eee 136 

5.11.1 Bisphenol A (Bis A) 2.0... ce ee nen eet eee 136 

5.11.2 Difluorobenzophenone (DFBP) ........... 0c cee eee teens 137 

5.11.3 m-Aminophenol ...... 0... ce cee ee ee eee eee e eee ees 137 

5.11.4 Maleic Anhydride ...... 0... ccc ee ee ee eee eee eens 137 

5.11.5 1,1’-(Methylene-4,1-phenylene) Bismaleimide (BMI) ....... bee eee ee eee 137 

5.11.6 N-Methyl 2 Pyrrolidinone (NMP) ...... 0... 0... cece teen eens 138 

5.11.7 Potassium Carbonate ..... 0... cc eee te eee eee teens 138 

5.11.8 Glacial Acetic Acid 2.20... . ce ee et te eee eee eens 138 

5.11.9 HeExXaneS ....... ec eee eee ee eee ee eee eee eee eens 138 

5.11.10 ChlorobenZene ........ ce ee ee ee teen eee teens 139 

5.11.11 Methanol 2.2.0... cee ce ne eee ee eee ee eee tenes 139 

5.12.12 Tetrahydrofuran (THF) ......... cece ee ee eee nee jee eee eee 139 

5.11.13 Cyclohexyl Pyrrolidinone (CHP) 2.1.0... .. ccc eee tle ene eens 139 

Table of Contents x 

—
\



5.11.14 Chloroform ......... 0.0... ee ee ee eee ee eee eee ees 140 

5.11.15 Chloroform-d W/TMS 2.0... ee ee ee eee eee ees 140 

5.11.16 4-t Butyl Phenol 2.0.0... . ec eee et eee eee eens 140 

Chapter 6 Results and Discussion... ccc cece eet eee eee tee ener eee nees 141 

6.1 Introduction 2... ee ee ee eee eee ees 141 

6.2 Characterization ©... ee tenet eee eee eee 142 

6.2.1 Physical and Chemical Characterization of Synthesized Oligomers ........ 142 

6.2.2 Extraction and Swelling of PAEK Networks ........ 0... 00 ee eee eee tees 147 

6.3 Mechanical Behavior .. 1... .. et ete teens 168 

6.3.1 Tensile Behavior .. 1... . ee ee ee eee eee eee 168 

6.3.2 Creep Behavior 2... 0.0... . cece ee ee ee ne nee eee ae 175 

6.3.3 Dynamic Mechanical Behavior ........0. 0.0... ce ccc ne ee eens 175 

6.3.4 Fracture ToughneSS ...... cee ee tee eee teen nas 187 

Chapter 7 Bismaleimide Networks ne tte eee ee eee ee 219 

TU Blending 2.6... ccc eee eee eee teens ee eens 220 

7.2 Maleimide Terminated Polyetherketones ...............0000. Lee ueeeees 220 

7.2.1 Swelling 2... ee eee eee eee ee eee tees wee eee eee 220 

7.2.2 TOUGHNESS 1... ce ee ee ee ee ee ete ee ee ees eee eee 226 

7.2.3 Dynamic Mechanical Behavior ........... 000 e eee eenees | cee ewes 226 

7.2.4 Scanning Electron Micrographs See eee eee eee eee eens Leen ee 231 

7.3 t-Butylpheny! Terminated Polyetherketone ..............000005 | Lee eee eee 236 

Chapter 8 Analysis of Fracture Results ..... ccc cece cece eect eeeuee setae eees 242 

B.A Introduction 2... eee eee eee eee ence ete eens 242 

8.2 Toughness Through Strength ........... eee eee eee tee eee 243 

8.2.1 Strength of a Polymer Matrix 0... 0... ec eee eee eee nes 243 

Table of Contents xi



8.2.2 Chemical Modification .. 0... ee ee eet tee eee 244 

8.2.3 Efficiency Improvement .......... 0... cee ee eee eee e eens 244 

8.3 Toughness Through Crack Tip Blunting ......... 0.0... 0 eee eee eens 246 

8.3.1 Stress Concentration and Material Toughness versus Crack Tip Radius ..... 246 

8.3.2 Crack Tip Blunting Through Molecular Extension ........... 0.000 e eee 247 

8.4 Ductile Extension 2.0... te ee eee ee eee 255 

8.4.1 Time Scales of Molecular Extension ....... 0... ce eee ee eee 255 

8.4.2 Molecular Scale Motion .........., cee ee eee ete eee teens 256 

8.4.3 Transition from Semi-brittle to Ductile Failure ..................2..000% 260 

8.5 Relationship between « and # Relaxations to Fracture Toughness ............ 267 

8.5.1 B Relaxation .. 0... ee eee eee ee eee t teen eenees 267 

8.5.2 « Relaxation 2.0... . eee eee ene tenes 268 

Chapter 9 ConclusionS ...... cece eee recat rere nearer eee seererneeseeaeneas 271 

Appendix A. MODEL CALCULATION... ccc cece tee rect r eee eeeneenne 275 

Scheme 1. Sample Molecular Weight Calculation Using a Modified Carother’s 

Equation 2... ee eee ee ee eee ee eee eee eee 275 

Scheme 2. Sample Determination by H’-NMR of BMI Content within a BMI/PEKE Blend 277 

Scheme 3 Sample calculation in determining molar amounts of various molecular 

weight oligomers to obtain a blend of given <Mn>. 2... ... ee ee eee 278 

Bibliography ... ccc ee ee eee ete et ee eee eee ee ee eee eee eee tees ee esees 279 

VITA cc cc eee tee ee ee eee ee eee eee ee eee eee tetera nee erene . 285 

Table of Contents xii



List of Illustrations 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

10. 

11 

12. 

13. 

14. 

15. 

16 

17. 

18. 

19 

20 

Normal and shear stress components of an applied load ................ 5 

Effect of shear StreSS ©... ee ee ees 7 

Induced strain transverse to an applied normal load ...............0005- 8 

Model of an elastic plastic material 0.2.0... 0... 0... ce ee ene 10 

Tensile test of a perfect elastic plastic material [5) ..................-. 11 

Normal and shear stresses vs. angle of cross section [2] ............... 15 

Elemental cube subjected to a complex biaxial stress state ............. 17 

Elemental cube subjected to a hydrostatic stresS 2... 0... ee eee 19 

Transformation of normal stresses to shear stresses .................-. 20 

Stiffness versus crack Jength [3] ........ 0... cc eee eee eee ee eee 25 

. Stress coordinates surrounding acracktip [4] ........ 0.0... cee eee eee 28 

Stresses surrounding an atomically sharp crack ....................0.. 32 

Shape of Irwin’s plastic zone [4] .......... cee ee ee eee eee 36 

Dugdale strip plastic zone [3] .......... Le eee eee eee e teenies 37 

Modes of fracture [4] 2.0... ce ec ee eee eee eee enns 38 

. Various mode | fracture toughness specimens [23] .......... 0.000 eee 40 

losepescu, Arcan, Grant and BMC specimens [22] ...............200.- 41 

Critical stress intensity versus sample thickness [4] .............-.008- 42 

. Load displacement curves for polymers exhibiting various behaviors ...... 44 

. Effect of ajtemperature b) crosslink density; c) crystallinity; and d) molecular 
weight on storage modulus versus temperature behavior [33,34] ......... 49 

List of Illustrations xiii



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

21, 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

33. 

34. 

35. 

36. 

37, 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

Creep compliance versus log time for a glassy thermoplastic and thermoset 
8 52 

Creep recovery for a) glassy thermoplastic and b) thermoset [38] ......... 53 

Bowden’s image ofthe effect of shear on the packing of polymeric segments. 63 

Schematic representation of the kinking of polymeric chains producing plastic 
deformation. 2.2.0... ccc eee ee nent tenn eens 64 

Forms of yielding a, necking; b, inclined necking; c, shear banding [66]. .... 68 

Craze possessing voids from cavitation and fibrils [81] .............000. 71 

Stress versus temperature curves demonstrating ductile brittle transition. ... 77 

Synthesis of Polyetheretherketone via Nucleophilic Aromatic Substitution ... 89 

Hybrid intermediate structures of an aromatic carbanion ................ 90 

Synthesis of Polyetherketone [112] ....... 0... 0. . eee e eee ees 92 

Synthesis of Polyetherketoneketone [103] ....... 0... .. 00. eee eee ene 93 

. Synthesis of t butyl hydroquinone/hydroquinone based Polyetheretherketone 
[112] oe eee e eee ene 94 

Synthesis of (4,4’difluoro N-benzohydroxylidene aniline) based 
Polyetheretherketone [113] ..... 0... 0... cee ee ee teens 95 

Ketimine formation via the reaction between an aromatic amine and a carbonyl 
cS) 97 

Synthesis of bismaleimideS 2.0... .. cece ee ee ee ee ee eens 101 

Bis allyl phenyl modified bismaleimide [122] ............ 0.2.00. eae 105 

Synthesis of amine terminated polyetherketoneether, .............004. 111 

Apparatus for solution polymerizations[131]. ......... 0... ce eee eee 112 

Synthesis of maleimide terminated polyetherketoneether. .............. 115 

Synthesis of nadimide terminated polyetherketoneether. ............... 116 

Synthesis of amine terminated polyetherketoneketoneether. ............ 118 

Proton NMR of t-butylphenyl terminated PEKE. ............. 0002 eeeee 120 

Proton NMR of a BMi/maleimide terminated PEKE blend. .............. 123 

3-point bend testing assembly[133], 0... ee ee ens 130 

Dynamic melt viscosities at 1 Hz and 230 °C for t-butylphenyl terminated PEKE 
ro) Ife Co] a) rc 145 

List of Illustrations xiv



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54, 

59. 

56. 

a7. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

Percent swell versus time for a network prepared from a 5K maleimide termi- 
nated PEKE oligomer 2.0... ee ee eee eens 148 

Swelling behavior of a PEKE network exhibiting an abrupt secondary swelling 
oY of - rrr 150 

Swelling behavior of a PEKE network exhibiting a subtle secondary swelling 
STAGE ec eee ee ee ee eee eee eee eee tees 151 

Creep extension versus In time for a glassy thermoplastic and thermoset [37] 152 

Swelling behavior versus cure time ....... 0... 0. eee eee eee ee eee 155 

Gel content and swelling percent ......... 0... cece eee eee eens 457 

Swelling behavior for cured maleimide terminated oligomer ............ 158 

Swelling behaviors for cured nadimide terminated PEKE oligomers ....... 161 

Swelling behavior for cured amine terminated PEKE oligomers .......... 163 

Swelling behavior for cured maleimide terminated PEKKE oligomers ...... 164 

Comparison of gel content to % swelling after 10 days ................ 165 

Comparison of the swelling behaviors for 2.5K and 10K PEKE and PEKKE net- 
WOFKS. 21. ee ee eee ee ee eee eee eee es 166 

Comparison of the maximum extension for two repeat units ............ 169 

Tensile stress-strain behavior for networkS .......... 2... cee eee ee eee 170 

Tensile stress-strain behavior ...... 0... eee eee eee eee 173 

Optical micrograph of a fracture surface ........ 0... . 0. eee eee ees 174 

Creep behavior for networks cured from maleimide terminated PEKE 

OIIGOMETS 2... ce ee ee eee eee tee eee ee eee etnies 176 

Dynamic mechanical behavior for a cured maleimide terminated 5.4K PEKE 
OligOMer 2... Le ee ee eee ee tee ee nee eee eee ees 177 

Dynamic mechanical behavior for a linear, high molecular weight PEKE 
thermoplastic 2... .. ee ee ee eee eee nee eens 179 

Comparison of the dynamic mechanical behavior ..............00008s 180 

Comparison of the dynamic mechanical behavior for cured maleimide termi- 
nated PEKE oligomesS ......... ccc eee ee eee tenes 182 

Comparison of the subambient dynamic mechanical behavior ........... 183 

Sub-ambient dynamic mechanical behavior for cured 2.5K maleimide termi- 
nated PEKE and PEKKE oligomers .......... 0.0 cece eee eee eee 184 

List of Illustrations XV



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

Subambient dynamic mechanical behavior of a quenched and an annealed 20K 
PEKE thermoplastic .. 1... . 0... cece ee eee eee eens 185 

Subambient dynamic mechanical behavior of a quenched and an annealed 
5.9K maleimide terminated PEKE oligomer. ........... 0. e eee eens 186 

Load versus displacement for a 3 point bend toughness test ............ 191 

Scanning electron micrograph of the fracture surface ................. 192 

Optical micrograph under cross polarizers of a crack tip cross-section .... 194 

Optical micrograph of a cracktip cross-section for a cured 5K PEKE oligomer 195 

Scanning electron micrograph of a fracture surface of a cured 5K amine ter- 
minated PEKE oligomer .. 1... ce ee ee ete nee 196 

Scanning electron micrograph of a fracture surface of a cured 5K maleimide 
terminated PEKE oligomer ... 0... 0... ee eee nes 197 

Scanning electron micrograph of a cured 5K maleimide terminated PEKE 
OlIQOMer 2... ee ee ee eee eee eee tence nes 198 

Load displacement curve for a 3 point bend toughness test ............. 201 

Scanning electron micrograph of a fracture surface of a linear high molecular 
weight PEKE thermoplastic ........ 0... ccc eee eee eens 202 

Load displacement curve for a 3 point bend toughness test of a cured 5K PEKE 
oligomer exhibiting ductile behavior, ........ 0... 0. ce eee eee ene 203 

Comparison of fracture toughness versus molecular weight ............. 204 

Comparison of fracture toughness versus molecular weight ............. 206 

Effect of annealing time at 145 °C on the fracture toughness ............ 209 

Magnitude of the physical aging peak from DSC measurement versus 
annealing time .... 0... kee ce ete eet ee eee eee 210 

Fracture toughnes versus cure time at 270°C ww ee ee 213 

Fracture toughness versus number average molecular weight ........... 214 

Comparison of fracture toughness and dynamic melt viscosity ........... 217 

Fracture toughness versus melt viscosity for various molecular weight PEKE 
Oligomers and their blends. ....... 0... ccc eee eee eee teens 218 

Comparison of blending procedures on the dynamic mechanical ......... 221 

Percent swelling versus time for a 5.4K 25/75 by weight BMI/PEKE ....... 222 

Percent swelling after 10 days versus number average molecular weight for 
50/50 by weight BMI/PEKE network ......... 00. c cece eee eee 224 

List of Illustrations xvi



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

Percent swelling versus weight percent PEKE incorporated for BMI/5.4K PEKE 
MNetworkS 2.0... ee eet ee eee ee eee 225 

Critical stress intensity versus Mn for a 50/50 by weight BMI/PEKE network 227 

Critical stress intensity versus weight percent PEKE for a BMI/5.4K PEKKE 
NEtWOrK 2... ee ee ee eee eee eens 228 

Comparison of the dynamic mechanical behavior of varying weight percent of 
a 5.4K maleimide terminated PEKE oligomer .......... 00.0 ee ee eee 229 

Dynamic mechanical behavior of BMI networks cocured, 50/50 by weight, with 
maleimide terminated PEKE oligomers .......... 00. cece ene eee eens 230 

Scanning electron micrograph of BMI network cocured, 50/50 by weight, with 
a 5.4K maleimide terminated PEKE oligomer .............. 022-0 eee 233 

Scanning electron micrograph of a 75/25 by weight BMI/5.4K PEKE network 234 

Scanning electron micrograph of 50/50 by weight BMI/10K maleimide termi- 
nated PEKE network .. 0... . cee ee te nent ens 235 

Optical micrograph of a 50/50 by weight BMI/5.1K t-butylphenyl terminated 
PEKE network 1.0... cece ete ee eee eee ete eens 237 

Comparison of the dynamic mechanical behavior of BMI networks modified 
with 5.1K t-butylphenyl or 5.4K maleimide terminated PEKE oligomer ..... 240 

Gel permeation chromotography of a 5.1K t-butylpheny! terminated PEKE 
0) Ife (o] an -) a 241 

Fracture toughness versus swelling after 10 days for cured maleimide termi- 
nated PEKE oligomers of various molecular weight ................... 252 

Fracture toughness versus swelling after 10 days for a 5K maleimide termi- 
nated PEKE oligomer cured for various lengths of time ................ 254 

Fracture toughness and failure mechanism versus crack length for ...... 261 

Reduced fracture toughness versus cracklength for various PEKE networks 263 

Load versus displacement curve for two theoretically identical specimens but 
possessing different crack lengths. ........ 0... 0c e eee eee eee 264 

Fracture toughness and failure mechanism versus crack length for a cured 
5.8K maleimide terminated PEKE oligomer tested at 50°C ............. 266 

List of Jlustrations xvii



List of Tables 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

Table 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Summary of the stress strain behavior for various polymers and metals. .... 47 

Fracture toughness values for various polymers and metals .............. 79 

PEEK’s retention of elongation after exposure to solvents[101] ............ 85 

Physical and mechanical properties of poly(arylene ether) ketones[102-105] .. 86 

Commercially available bismaleimides[121] 2.6... ... .. ee ee ee nee 100 

. Toughness of bismaleimide resins coreacted with allyl,vinyl, and propenyl ter- 
minated modifiers [122,124-126] .... 0... . cece eet eens 103 

Toughness of bismaleimide resins blended with thermoplastics [127,128] ... 106 

Fracture toughness of poly(arylene ether) ketone modified Compimide 
796/Compimide TM123[123] 2. ee ee eee ene 107 

Toughness of rubber modified bismaleimide resins [118,126] ............ 108 

Characterization of fundtionalized PEKE and PEKKE oligomers and their asso- 

Ciated netWOrkS. 2.0... ee ee eee eee eee eee enn 143 

Characterization of t-butylphenyl terminated PEKE oligomers ............ 144 

Composition and characterization of blends prepared from t-butylphenyl termi- 
nated PEKE oligomers ........ ccc ce ee te ee tenet eee nees 146 

Molecular weight between crosslinks for cured maleimide terminated PEKE 
oligomers of various molecular weights. ............. 00. e eee eens 160 

Summary of gelation and swelling results for PEKE and PEKKE networks ... 167 

Summary of tensile behavior for PEKE and PEKKE networks ............. 171 

Summary of the fracture toughness results for cured maleimide terminated 
PEKE and PEKKE oligomers of varying molecular weight ............... 205 

Summary of the fracture toughness results for cured amine, maleimide and 
nadimide terminated PEKE oligomers ......... 0... c cee eee ee eee ees 207 

List of Tables XViii



Table 18. 

Table 19. 

Table 20. 

Table 21. 

Table 22. 

Summary of the effect of annealing on fracture toughness and the magnitude 
of physical aging of PEKES .......... ee ee ee ee eee 211 

Summary of the physical and mechanical properties of PEKE modified BMI 
NETWOFKS 2... ce ee ee eee eet eee eee eee 232 

Comparison of the physical and mechanical properties of BMI networks modi- 
fied with 5.1K t-butylphenyl! or 5.4K maleimide terminated PEKE oligomer .. 239 

Impact toughness versus precrack tip sharpness for several thermoplastics 
9 248 

Comparison of glass transition temperatures to fracture toughness for various 
PAEK thermoplastics and thermosets ............ 00 ccc eect eens 270 

List of Tables xix



Chapter 1 Introduction 

The use of high performance engineering thermoplastics and thermosets in such appli- 

cations as structural composites and electrical equipment has been increasing rapidly over 

the past 10 years. One category of these materials which is of interest are poly(arylene 

ether)ketones. Poly(arylene ether)ketones, sold commercially, are semi-crystalline 

thermoplastics possessing the advantages of toughness, rigidity and thermal stability as well 

as solvent and creep resistance. They however have the disadvantages of having a melting 

point greater than 330 °C, making them hard to process, and only a moderately high glass 

transition temperature (140 to 180 °C), which limits some of their applications as high tem- 

perature materials. 

The goals of this reasearch were to examine the physical and mechanical properties of 

two amorphous. poly(arylene’ ether)ketones, polyetherketoneethers, PEKE, and 

polyetherketoneketoneether, PEKKE, thermosets, cured from fuctionally terminated oligomers, 

and their analogous thermoplastics. These systems would possess the advantages over the 

commercial polymers of; ease of processing, due to their amorphous morphology, and higher 

Tg due to their crosslinked topology. This work also included the thermal and mechanical 

characterization of bismaleimides modified with maleimide terminated PEKE oligomers. PEKE 

modified bismaleimides offered the possibility of combining the high rigidity, ease of proc- 
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essing and high glass transition temperature of the bismaleimides with the toughness of 

PEKE. 

The work required with both research goals included synthesis and chemical charac- 

terization of functionalized PEKE and PEKKE oligomers, molding, curing and fabrication of the 

resulting oligomers into test specimen, and finally physical and mechanical characterization 

of the resulting thermosets and thermoplastics. A special emphasis was placed on the anal- 

ysis and understanding of the toughening mechanisms involved in these systems. A chapter 

is included presenting a systematic examination of the possible molecular scale motions and 

interactions which might possibly affect fracture toughness. 

The literature review presented below discusses some of the basics of mechanics of 

materials as well as some of the theories behind mechanical behavior of polymers. This is 

included to act as a foundation for arguments used in the results and discussion chapters. 

Poly(arylene ether)ketones and bismaleimides are also reviewed. 
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Chapter 2 Mechanics 

This section will review the principles of mechanics and fracture mechanics so as to 

define the terms and concepts which will be used in later discussions. This is not meant as 

an all inclusive presentation of these materials, but rather an overview. The interested reader 

should refer to one or more of these texts [1,2,3,4] for a more indepth study of these subjects. 

2.1 Mechanics of Materials 

The science of mechanics deals with the reaction of a body to an applied force. A force, 

when applied to a body which is free to float in space, induces an acceleration inversely pro- 

portional to the body’s mass, 

FORCE = MASS x ACCELERATION [2.1] 

A force which is applied to a fixed body must be counterbalanced by an equal but opposite 

force for that body to remain stationary. The sum of the forces is therefore equal to zero. 

However, these forces do cause the body to undergo deformation and, possibly, fracture. The 
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science of mechanics of materials predicts the magnitude of deformation and the force at 

failure of materials under load. 

2.1.1 Stress and Strain 

Two concepts exist which are the foundation for all of mechanics of materials, stress and 

strain. When a load is placed on a body, it acts only over a given area of that body. Stress 

is defined as the magnitude of the applied load per unit area of the affected surface, 

FORCE [2.2] 
STRESS = AREA 

Strain is defined as the magnitude of elongation or distortion of the body caused by the load. 

Both stress and strain can be broken down into components acting normal and tangential to 

the body’s surface (Figure 1). These components are referred to as normal and shear stress 

and strain. 

2.1.1.1 Normal Stress and Strain 

Normal stress, o;, acts perpendicular to the surface causing either an elongation (posi- 

tive stress) or a compression (negative stress) of the body along the direction of the normal 

stress. The axis along which the stress is applied is denoted by the subscript i. The normal 

strain is equal to the change in length of the body along the normal axis divided by its original 

length, 

¢ = AE [2.3] 

2.1.1.2 Shear 

Shear stress, denoted by 7, acts parallel to the surface causing a distortion of the body 
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by shifting the cross-sections which lie parallel to the surface, relative to one another (Figure 

2). The subscripts i and j denote the axis normal to the plane of the stress and the axis par- 

allel to the stress, respectively. Strain due to shear, denoted by y, is not measured as a 

change in length, but rather it is defined as the angle of distortion. 

2.1.1.3 Poisson’s Ratio 

A normal tensile and compressive stress not only can induce deformation along its own 

axis, but also along the two transverse coordinate directions perpendicular to the stress axes. 

The magnitudes of strain along the two perpendicular axes are proportional to and opposite 

in sign to the strain in the stress direction. For example, if a tensile stress lies along the x 

axis, then a negative strain will occur along the y and z axis (Figure 3). The proportionality 

constant which relates the magnitude of the strains is referred to as Poisson’s ratio, pi, a 

material property, 

6) = — pie) [2.4] 

where i denotes the direction of the axial strain and j denotes the direction of the resultant 

transverse strain. 

2.1.2 Stress versus Strain 

A relationship between stress and strain for a given material is usually obtained by 

subjecting a test specimen to a range of strains and then calculating the resulting stresses 

from the measured loads. The result can vary for a given material depending on the mode 

of loading which is applied. For example, concrete exhibits a stress at fracture which is nearly 

15 times greater under a compressive load than under a tensile load. 
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2.1.2.1 Tensile Testing 

Tensile tests are usually considered the quickest and experimentally most feasible 

method to obtain a one dimensional stress-strain relationship. Therefore, they are typically the 

method used to compare the mechanical responses for different materials. The specimen 

which is used for tensile testing is shaped as either a flat dogbone or a tapered cylinder. It 

is clamped at each end to the crossheads of a mechanical testing machine such as an Instron. 

The crossheads are displaced in opposite directions at a constant displacement rate with the 

applied tensile force measured by a load cell. The stress that is caused by this displacement 

is calculated by dividing the applied load by the cross sectional area of the tapered region. 

The cross sectional area, however, decreases during the test thereby creating two means of 

reporting stress. Engineering stress is defined as the applied load divided by the original 

cross sectional area while true stress is equal to the load divided by actual area. 

2.1.2.2 Elastic Plastic Response 

The tensile response of a theoretical elastic plastic material can be described through 

the combined responses of a Hookean spring connected in series to two boards which are 

prevented from sliding past one another due to friction (Figure 4). The Hookean spring re- 

presents the inital response of the material which is referred to as elastic behavior (Figure 5). 

Stress increases proportionally with strain with the slope of the line defined as the material’s 

tensile or Young’s modulus, denoted by E, 

o=Ee [2.5] 

The modulus is a measure of the stiffness of the material and has the units of force per unit 

area. Equation [2.5] applies for a linear elastic isotropic homogeneous material under one 

dimensional loading. 

The material alters its response when stress is increased to a critical level known as the 

yield stress. Friction between the two boards is overcome, allowing them to slide past one 
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�o�r�d�e�r� �t�o� �r�e�g�a�i�n� �i�t�s� �o�r�i�g�i�n�a�l� �d�i�m�e�n�s�i�o�n�s�.� �S�i�n�c�e�,� �o�n�l�y� �t�h�e� �e�l�a�s�t�i�c� �p�o�r�t�i�o�n� �o�f� �t�h�e� �e�n�e�r�g�y� �i�s� �a�v�a�i�l�-� 

�a�b�l�e�,� �o�n�l�y� �t�h�e� �e�l�a�s�t�i�c� �p�o�r�t�i�o�n� �o�f� �t�h�e� �s�t�r�a�i�n� �i�s� �l�o�s�t�.� 

�2�.�1�.�3� �S�t�r�e�s�s� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� 

�T�h�e� �t�e�n�s�i�l�e� �f�o�r�c�e�,� �w�h�i�c�h� �i�s� �t�r�a�n�s�m�i�t�t�e�d� �t�h�r�o�u�g�h� �e�a�c�h� �o�f� �t�h�e� �s�p�e�c�i�m�e�n ��s� �c�r�o�s�s� �s�e�c�t�i�o�n�s�,� 

�p�r�o�d�u�c�e�s� �a� �n�o�r�m�a�l� �s�t�r�e�s�s� �o�n� �t�h�o�s�e� �c�r�o�s�s� �s�e�c�t�i�o�n�s� �l�y�i�n�g� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �i�t� �a�n�d� �a� �s�h�e�a�r� �s�t�r�e�s�s� 

�t�o� �t�h�o�s�e� �c�r�o�s�s� �s�e�c�t�i�o�n�s� �l�y�i�n�g� �a�t� �a�n� �a�n�g�l�e� �t�o� �i�t� �(�F�i�g�u�r�e� �1�)�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e�s�e� �s�t�r�e�s�s�e�s�,� 

�v�a�r�i�e�s� �w�i�t�h� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �a�n�d� �t�h�e� �f�o�r�c�e� �(�F�i�g�u�r�e� �6�)� 

�o�g� �=� �4�X� �c�o�s� �2�8� �2�.�9� �o�x�= �� �+� �9� �c�o�s� �[�2�.�9�]� 

�t�y� �= �� �>� �s�i�n� �2�0� �[�2�.�1�0�]� 

�w�h�e�r�e�:� 

�@� �=� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �a�n�d� �t�h�e� �t�e�n�s�i�l�e� �l�o�a�d� 

�o�,� �=� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s� �t�o� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� 

�T�y� �=� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �t�o� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� 
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�T�h�e� �p�l�a�n�e�s� �o�f� �m�a�x�i�m�u�m� �a�n�d� �m�i�n�i�m�u�m� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �d�i�f�f�e�r�e�n�t�i�a�t�i�n�g� �e�q�u�a�t�i�o�n�s� �2�.�9� �a�n�d� �2�.�1�0� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �@�,� �a�n�d� �s�e�t�t�i�n�g� �t�h�e� �r�e�s�u�l�t�i�n�g� �e�q�u�a�t�i�o�n�s� 

�e�q�u�a�l� �t�o� �z�e�r�o�,� 

�-�o�,� �s�i�n� �2�0� �=� �0� �N�O�R�M�A�L� �S�T�R�E�S�S� �[�2�.�1�1�]� 

�-� �0�,� �C�O�S� �2�8� �=� �0� �S�H�E�A�R� �S�T�R�E�S�S� �[�2�.�1�2�]� 

�N�o�r�m�a�l� �s�t�r�e�s�s� �r�e�a�c�h�e�s� �a� �m�a�x�i�m�u�m� �a�t� �0� �a�n�d� �1�8�0� �d�e�g�r�e�e�s�,� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �l�o�a�d�,� �a�n�d� 

�a� �m�i�n�i�m�u�m� �a�t� �9�0� �d�e�g�r�e�e�s�,� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �l�o�a�d�.� �S�h�e�a�r� �s�t�r�e�s�s� �r�e�a�c�h�e�s� �i�t�s� �m�a�x�i�m�u�m� �i�n� �m�a�g�n�i�-� 

�t�u�d�e� �a�t� �4�5� �a�n�d� �1�3�5� �d�e�g�r�e�e�s� �w�i�t�h� �i�t�s� �m�i�n�i�m�u�m� �o�f� �z�e�r�o� �a�t� �0�,� �9�0� �a�n�d� �1�8�0� �d�e�g�r�e�e�s�.� �T�h�e� �p�l�a�n�e� 

�w�h�e�r�e� �t�h�e� �s�h�e�a�r� �i�s� �z�e�r�o� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �p�r�i�n�c�i�p�a�l� �p�l�a�n�e�s�.� �T�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �a�c�t�i�n�g� �o�n� 

�t�h�e�s�e� �p�l�a�n�e�s� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s�.� �T�h�e�s�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s�,� �f�o�r� �t�h�e� �c�a�s�e� �o�f� 

�a� �t�e�n�s�i�l�e� �t�e�s�t�,� �c�o�i�n�c�i�d�e� �w�i�t�h� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �a�l�o�n�g� �t�h�e� �x�,� �y� �a�n�d� �z� �a�x�e�s�,� 

�O�,� �=� �6�,� �[�2�.�1�3�]� 

�O�g� �=�o�y�=� �[�2�.�1�4�]� 

�w�h�e�r�e�,� �o�,�,� �o�2� �a�n�d� �o�;� �a�r�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s�.� �T�h�e� �p�r�i�n�c�i�p�a�l� �a�n�d� �c�o�o�r�d�i�n�a�t�e� �s�t�r�e�s�s�e�s�,� �h�o�w�e�v�e�r�,� 

�u�s�u�a�l�l�y� �d�o� �n�o�t� �c�o�i�n�c�i�d�e� �f�o�r� �m�o�r�e� �c�o�m�p�l�e�x� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�F�i�g�u�r�e� �7� �s�h�o�w�s� �a�n� �e�x�a�m�p�l�e� �o�f� �a�n� �e�l�e�m�e�n�t�a�l� �b�o�d�y� �u�n�d�e�r� �a� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� �c�o�m�p�l�e�x� �s�t�a�t�e� 

�o�f� �s�t�r�e�s�s�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�l�o�n�g� �w�i�t�h� �t�h�e�i�r� �m�a�x�i�m�u�m�s� �a�n�d� 

�m�i�n�i�m�u�m�s� �a�r�e� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n�s�,� 

�O�y� �t�o�y� � �a�y�-�a�y� 
�6�,� �=� �>� �+� �e�e� �2�6� �+� �t�y�,� �s�i�n� �2�0� �[�2�.�1�6�]� 

�o�x� �¥� �o�y� �_� �O�x�"� �P�y� �c�o�s� �2�9�  ��+�r� �a� �a� �x�y� �S�i�n� �2�0� �[�2�.�1�7�]� 
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�T�y� �= �� �9� �s�i�n� �2�0� �+� �t�y�y� �c�o�s� �2�8� �[�2�.�1�8�]� 

�O�o�,� �t�a� �G�y�-� �o�O� 
�O�x �� �O�y �� �m�i�n� �=�>� �(� �9� �y� �)� �+� �T�y�?� �[�2�.�1�9�]� 

�C�o� �o�C� �2�  �� �x�"� �*�y� �2� �T�y �� �m�i�n� �=� �+� �(� �5� �)� �+� �T�y� �|� �[�2�.�2�0�]� 

�2�.�1�.�4� �H�y�d�r�o�s�t�a�t�i�c� �a�n�d� �D�e�v�i�a�t�o�r�i�c� �S�t�r�e�s�s� 

�I�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n�s� �2�.�1�9� �a�n�d� �2�.�2�0� �t�h�a�t� �t�h�e� �a�p�p�l�i�e�d� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� 

�s�t�r�e�s�s�e�s� �a�c�t� �t�o�g�e�t�h�e�r� �t�o� �p�r�o�d�u�c�e� �t�h�e� �n�o�r�m�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�c�t�i�n�g� �o�n� �a�n�y� �o�f� �t�h�e� �v�a�r�i�o�u�s� 

�c�r�o�s�s� �s�e�c�t�i�o�n�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�i�s� �c�o�m�b�i�n�e�d� �s�t�r�e�s�s� �s�t�a�t�e� �c�a�n� �p�r�o�d�u�c�e� �t�w�o� �m�e�c�h�a�n�i�c�a�l� �r�e�-� 

�s�p�o�n�s�e�s� �f�r�o�m� �t�h�e� �m�a�t�e�r�i�a�l�,� �e�l�a�s�t�i�c� �v�o�l�u�m�e� �c�h�a�n�g�e� �a�n�d� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� 

�E�l�a�s�t�i�c� �v�o�l�u�m�e� �c�h�a�n�g�e� �i�s� �c�r�e�a�t�e�d� �b�y� �a� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s�.� �H�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s�,� �s�o�m�e�t�i�m�e�s� 

�r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �m�e�a�n� �s�t�r�e�s�s�,� �c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� �a�n� �u�n�i�f�o�r�m� �n�o�r�m�a�l� �s�t�r�e�s�s� �f�i�e�l�d� �s�u�r�r�o�u�n�d�i�n�g� 

�a� �b�o�d�y� �(�F�i�g�u�r�e� �8�)�.� �I�t�s� �m�a�g�n�i�t�u�d�e� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �a�v�e�r�a�g�e� �o�f� �t�h�e� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s�,� 

�o�,� �+� �o�y� 
�o�n� �=� �O�m� �= �� �2�D� �c�a�s�e� �[�2�.�2�1�]� 

�w�h�e�r�e�:� 

�o�,� �=� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s� 

�o�m� �=� �m�e�a�n� �s�t�r�e�s�s� 

�T�h�e� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s� �e�q�u�a�l�s� �t�h�e� �m�i�n�i�m�u�m� �n�o�r�m�a�l� �s�t�r�e�s�s� �w�h�i�c�h� �c�a�n� �a�c�t� �o�n� �a� �c�r�o�s�s� �s�e�c�t�i�o�n� 

�a�n�d� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �f�i�r�s�t� �t�e�r�m� �i�n� �e�q�u�a�t�i�o�n�s� �2�.�9�,� �1�6�,� �1�7�,� �1�9�.� �N�o� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �i�s� 
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�p�r�o�d�u�c�e�d� �b�y� �a� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s�,� �t�h�e�r�e�f�o�r�e�,� �a�t� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �l�e�v�e�l�s� �t�h�e� �m�a�t�e�r�i�a�l� �f�a�i�l�s� �i�n� �a� 

�b�r�i�t�t�l�e� �m�o�d�e� �w�i�t�h�o�u�t� �u�n�d�e�r�g�o�i�n�g� �a�n�y� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� 

�P�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �p�r�o�d�u�c�e�d� �t�h�r�o�u�g�h� �a� �d�e�v�i�a�t�o�r�i�c� �s�t�r�e�s�s�.� �T�h�e� �d�e�v�i�a�t�o�r�i�c� �s�t�r�e�s�s� �i�s� �a� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �a�p�p�l�i�e�d� �s�h�e�a�r� �s�t�r�e�s�s� �p�l�u�s� �t�h�e� �t�r�a�n�s�f�o�r�m�a�b�l�e� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �n�o�r�m�a�l� 

�s�t�r�e�s�s�e�s�.� �T�h�e�s�e� �t�r�a�n�s�f�o�r�m�a�b�l�e� �p�o�r�t�i�o�n�s� �a�r�e� �e�q�u�a�l� �t�o� �e�a�c�h� �n�o�r�m�a�l� �s�t�r�e�s�s� �m�i�n�u�s� �t�h�e� �h�y�d�r�o�s�t�a�t�i�c� 

�s�t�r�e�s�s�,� 

�o�x�g� �=� �2� 
� � �[�2�.�2�2�]� 

�o�y�g� �=�  �� �>� �[�2�.�2�3�]� 

�w�h�e�r�e�:� 

�O�y�q� �=� �d�e�v�i�a�t�o�r�i�c� �n�o�r�m�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �x�-�d�i�r�e�c�t�i�o�n� 

�d�y�q� �=� �d�e�v�i�a�t�o�r�i�c� �n�o�r�m�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �y�-�d�i�r�e�c�t�i�o�n� 

�T�h�e�s�e� �s�t�r�e�s�s�e�s� �p�r�o�d�u�c�e� �a� �s�h�e�a�r� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �9�.� �T�h�e� �d�e�v�i�a�t�o�r�i�c� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �a�r�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �s�e�c�o�n�d� �t�e�r�m�s� �i�n� �e�q�u�a�t�i�o�n�s� �2�.�9�,� �1�6�,� �1�7�,� �1�9� �a�n�d� �t�h�e� �f�i�r�s�t� �t�e�r�m�s� �i�n� �e�q�u�a�t�i�o�n�s� 

�2�.�1�8� �a�n�d� �2�.�2�0�,� �w�h�i�l�e� �d�e�v�i�a�t�o�r�i�c� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �l�a�s�t� �t�e�r�m�s� �i�n� �e�q�u�a�t�i�o�n�s� 

�2�.�1�6�-�2�0�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �(�E�q�u�a�t�i�o�n�s� �2�.�9�,�1�6�,�1�7�,�1�9�)� �a�l�l� 

�c�o�n�t�a�i�n� �a� �h�y�d�r�o�s�t�a�t�i�c� �a�n�d� �a� �d�e�v�i�a�t�o�r�i�c� �s�t�r�e�s�s� �t�e�r�m�.� �T�h�e� �e�q�u�a�t�i�o�n�s� �f�o�r� �s�h�e�a�r� �s�t�r�e�s�s�e�s� 

�(�E�q�u�a�t�i�o�n�s� �2�.�1�0�,�1�8�,�2�0�)�,� �h�o�w�e�v�e�r�,� �o�n�l�y� �p�o�s�s�e�s�s� �a� �d�e�v�i�a�t�o�r�i�c� �t�e�r�m�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �n�o�r�m�a�l� 

�s�t�r�e�s�s�e�s� �c�a�n� �p�r�o�d�u�c�e� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �b�u�t� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �c�a�n�n�o�t� �p�r�o�d�u�c�e� �b�r�i�t�t�l�e� �f�r�a�c�t�u�r�e�.� 

�2�.�1�.�5� �P�l�a�n�e� �S�t�r�e�s�s� �a�n�d� �S�t�r�a�i�n� 

�F�i�g�u�r�e� �7� �s�h�o�w�s� �a�n� �e�l�e�m�e�n�t�a�l�!� �c�u�b�e� �s�u�b�j�e�c�t�e�d� �t�o� �a� �b�i�a�x�i�a�l� �s�t�r�e�s�s� �s�t�a�t�e�.� �A�l�l� �t�h�e� �s�t�r�e�s�s�e�s� 

�a�r�e� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �t�h�e� �x�y� �p�l�a�n�e� �w�i�t�h� �t�h�e� �s�t�r�e�s�s�e�s� �l�y�i�n�g� �i�n� �t�h�e� �z� �d�i�r�e�c�t�i�o�n� �e�q�u�a�l� �t�o� �z�e�r�o�.� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �1�8



�O�z� 

� � � � 
� � 

�y� 
�2� 

� � 

� � � � 
� � � � � � 

�F�i�g�u�r�e� �8�.� �E�l�e�m�e�n�t�a�l� �c�u�b�e� �s�u�b�j�e�c�t�e�d� �t�o� �a� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �1�9



� � 

� � � � � � 

�F�i�g�u�r�e� �9�.� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �t�o� �s�h�e�a�r� �s�t�r�e�s�s�e�s� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �2�0



�O�z� �=� �T�y�g� �=� �t�y� �=�0� �[�2�.�2�4�]� 

�T�h�i�s� �c�o�n�d�i�t�i�o�n� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �p�l�a�n�e� �s�t�r�e�s�s�.� �T�h�e� �s�u�r�f�a�c�e� �n�o�r�m�a�l� �t�o� �t�h�e� �z� �a�x�i�s� �i�s� �f�r�e�e� �t�o� 

�e�l�o�n�g�a�t�e� �o�r� �c�o�n�t�r�a�c�t� �i�n� �a�c�c�o�r�d�a�n�c�e� �t�o� �p�o�i�s�s�o�n ��s� �r�a�t�i�o�,� 

�B�h� 
�&�= �� �E�E� �(�c�,� �+� �9�)� �[�2�.�2�5�]� 

�T�h�e� �s�t�r�a�i�n� �i�n� �t�h�i�s� �d�i�r�e�c�t�i�o�n� �i�s� �e�l�i�m�i�n�a�t�e�d�,� �h�o�w�e�v�e�r�,� �i�f� �a�n� �o�p�p�o�s�i�n�g� �n�o�r�m�a�l� �s�t�r�e�s�s� �e�q�u�a�l� �t�o� 

�L�(�o�,�+�a�,�)� �i�s� �a�p�p�l�i�e�d� �a�l�o�n�g� �i�t�.� �T�h�i�s� �c�o�n�d�i�t�i�o�n�,� �p�l�a�n�e� �s�t�r�a�i�n�,� �o�n�l�y� �p�e�r�m�i�t�s� �s�t�r�a�i�n� �i�n� �t�h�e� �x�y� �p�l�a�n�e�.� 

�P�l�a�n�e� �s�t�r�a�i�n� �i�s� �a� �m�o�r�e� �r�e�s�t�r�i�c�t�e�d� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �d�u�e� �t�o� �t�h�e� �r�e�s�t�r�i�c�t�i�o�n� �o�f� �s�t�r�a�i�n�.� �M�a�t�e�r�i�a�l�s� 

�t�h�e�r�e�f�o�r�e� �w�i�l�l� �b�e�h�a�v�e� �w�i�t�h� �l�e�s�s� �d�u�c�t�i�l�i�t�y�.� 

�2�.�1�.�6� �S�t�r�e�s�s� �C�o�n�c�e�n�t�r�a�t�i�o�n� 

�T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�t�r�e�s�s� �a�c�t�i�n�g� �o�n� �a� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �a� �m�a�t�e�r�i�a�l� �o�f�t�e�n� �i�s� �n�o�t� �c�o�n�s�t�a�n�t� 

�d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�o�r�s�.� �T�h�e�s�e� �c�o�n�c�e�n�t�r�a�t�o�r�s� �e�x�i�s�t� �a�s� �i�n�h�o�m�o�g�e�n�i�t�i�e�s� 

�s�u�c�h� �a�s� �v�o�i�d�s�,� �n�o�t�c�h�e�s� �o�r� �s�m�a�l�l� �p�a�r�t�i�c�l�e�s�.� �S�i�n�c�e� �t�h�e�y� �a�r�e� �i�n�c�a�p�a�b�l�e� �o�f� �c�a�r�r�y�i�n�g� �a� �l�o�a�d�,� �t�h�e� 

�m�a�t�e�r�i�a�l� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e�m� �i�s� �f�o�r�c�e�d� �t�o� �c�o�m�p�e�n�s�a�t�e� �d�u�r�i�n�g� �a�n� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �b�y� �a�c�c�e�p�t�i�n�g� �a� 

�g�r�e�a�t�e�r� �l�e�v�e�l� �o�f� �s�t�r�e�s�s�.� �T�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t� �d�e�c�r�e�a�s�e�s� �r�a�p�i�d�l�y� �w�h�e�n� �m�o�v�i�n�g� �a�w�a�y� �f�r�o�m� 

�t�h�e� �i�n�h�o�m�o�g�e�n�e�i�t�y�.� 

�T�h�e� �l�e�v�e�l� �o�f� �s�t�r�e�s�s� �a�r�o�u�n�d� �a� �c�o�n�c�e�n�t�r�a�t�o�r� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �i�t�s� �s�h�a�p�e� �a�s� �w�e�l�l� �a�s� �t�h�e� �a�p� 

�p�l�i�e�d� �s�t�r�e�s�s�,� 

�c�o�n�c� �=� �9�(�1� �+� �2�a�/�b�)� �[�2�.�2�6�]� 

�w�h�e�r�e�:� 

�S�c�o�n�e� �=� �C�o�n�c�e�n�t�r�a�t�e�d� �s�t�r�e�s�s� 

�o� �=� �a�p�p�l�i�e�d� �e�l�a�s�t�i�c� �s�t�r�e�s�s� 

�o�
 �I� �l�e�n�g�t�h� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�o�r� 

�o�T
� 

�I�l� �w�i�d�t�h� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�o�r� �a�t� �i�t�s� �t�i�p� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �2�1



�I�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� �f�r�o�m� �t�h�i�s� �e�q�u�a�t�i�o�n� �t�h�a�t� �l�o�n�g�,� �n�a�r�r�o�w� �i�n�h�o�m�o�g�e�n�e�i�t�i�e�s� �p�r�o�d�u�c�e� �t�h�e� �h�i�g�h�e�s�t� 

�s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�2�.�2� �F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� 

�F�r�a�c�t�u�r�e� �c�a�n� �b�e� �d�e�f�i�n�e�d� �a�s� �t�h�e� �p�h�y�s�i�c�a�l� �s�e�p�a�r�a�t�i�o�n� �o�r� �s�p�l�i�t�t�i�n�g� �o�f� �a� �m�a�t�e�r�i�a�l� �i�n�t�o� �t�w�o� �o�r� 

�m�o�r�e� �p�a�r�t�s�.� �I�t� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �p�r�o�p�a�g�a�t�i�o�n� �o�f� �o�n�e� �o�r� �m�o�r�e� �c�r�a�c�k�s� �t�h�r�o�u�g�h� �a� �m�a�t�e�r�i�a�l�,� �u�s�u�a�l�l�y� 

�d�r�i�v�e�n� �b�y� �s�o�m�e� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �C�r�a�c�k�s� �t�y�p�i�c�a�l�l�y� �s�t�a�r�t� �o�u�t� �a�s� �s�o�m�e� �t�y�p�e� �o�f� �i�n�h�o�m�o�g�e�n�e�i�t�y� �s�u�c�h� 

�a�s� �a� �n�o�t�c�h� �o�r� �a� �v�o�i�d�.� �A�s� �a� �l�o�a�d� �i�s� �a�p�p�l�i�e�d�,� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �d�e�v�e�l�o�p� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �m�a�t�e�r�i�a�l�.� 

�T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e�s�e� �i�n�h�o�m�o�g�e�n�e�i�t�i�e�s� �b�e�c�o�m�e�s� 

�m�a�g�n�i�f�i�e�d� �d�u�e� �t�o� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t�s�.� �A�t� �a� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �o�r� �e�n�e�r�g�y� �l�e�v�e�l�,� �t�h�e� �m�a�t�e�r�i�a�l� 

�s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �i�n�h�o�m�o�g�e�n�e�i�t�i�e�s� �b�e�g�i�n�s� �t�o� �f�a�i�l�.� �A� �c�r�a�c�k� �d�e�v�e�l�o�p�s� �w�h�i�c�h� �t�h�e�n� �p�r�o�p�a�g�a�t�e�s� �a�s� 

�l�o�n�g� �a�s� �s�u�f�f�i�c�i�e�n�t� �s�t�r�e�s�s� �a�n�d� �e�n�e�r�g�y� �i�s� �m�a�i�n�t�a�i�n�e�d� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �c�r�a�c�k� �t�i�p�.� �I�f� �t�h�e� �s�t�r�e�s�s� �d�r�o�p�s� 

�b�e�l�o�w� �t�h�e� �l�e�v�e�l� �n�e�e�d�e�d� �t�o� �s�u�p�p�o�r�t� �p�r�o�p�a�g�a�t�i�o�n�,� �t�h�e� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �i�s� �t�e�r�m�i�n�a�t�e�d�.� �H�o�w�-� 

�e�v�e�r�,� �i�f� �t�e�r�m�i�n�a�t�i�o�n� �d�o�e�s� �n�o�t� �o�c�c�u�r� �t�h�e� �c�r�a�c�k� �p�r�o�p�a�g�a�t�e�s� �u�n�t�i�l� �t�h�e� �m�a�t�e�r�i�a�l� �i�s� �f�r�a�c�t�u�r�e�d�.� �T�h�i�s� 

�i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �c�r�i�t�i�c�a�l� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �w�i�t�h� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �c�r�i�t�i�c�a�l� 

�s�t�r�e�s�s�.� 

�2�.�2�.�1� �F�r�a�c�t�u�r�e� �E�n�e�r�g�y� 

�I�n� �1�9�2�0�,� �G�r�i�f�f�i�t�h�[�6�]� �s�e�t� �f�o�r�t�h� �t�h�e� �f�i�r�s�t� �t�h�e�o�r�y� �t�o� �p�r�e�d�i�c�t� �t�h�e� �s�t�r�e�s�s� �n�e�c�e�s�s�a�r�y� �t�o� �c�a�u�s�e� �c�r�i�t�-� 

�i�c�a�l� �f�a�i�l�u�r�e� �o�f� �a� �m�a�t�e�r�i�a�l�.� �G�r�i�f�f�i�t�h� �k�n�e�w� �t�h�a�t� �a�s� �a� �c�r�a�c�k� �p�r�o�p�a�g�a�t�e�d� �t�h�r�o�u�g�h� �a� �s�t�a�t�i�c�l�y� �l�o�a�d�e�d� 

�m�a�t�e�r�i�a�l�,� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �d�e�c�r�e�a�s�e�s�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� �c�r�i�t�i�c�a�l� �f�a�i�l�u�r�e� 

�o�c�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�i�s� �e�n�e�r�g�y� �w�a�s� �l�o�s�t� �e�q�u�a�l�e�d� �o�r� �e�x�c�e�e�d�e�d� �t�h�e� �e�n�e�r�g�y� �r�e�-� 

�q�u�i�r�e�d� �t�o� �c�r�e�a�t�e� �n�e�w� �s�u�r�f�a�c�e� �a�r�e�a� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n�,� 
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�2� 
�2�n�e�a�t� �5� �g�r�y�.� �[�2�.�2�7�]� 

�w�h�e�r�e�:� 

�2�x�c�*�a�t�/�E� �=� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �p�e�r� �u�n�i�t� �o�f� �c�r�a�c�k� �e�x�t�e�n�s�i�o�n� 

�4�t�y�,� �=� �c�r�e�a�t�e�d� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �p�e�r� �u�n�i�t� �o�f� �c�r�a�c�k� �e�x�t�e�n�s�i�o�n� 

�o� �=� �a�p�p�l�i�e�d� �s�t�r�e�s�s� 

�a� �=� �o�n�e� �h�a�l�f� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h� 

�t� �=� �p�l�a�t�e� �t�h�i�c�k�n�e�s�s� 

�E� �=� �Y�o�u�n�g ��s� �m�o�d�u�l�u�s� 

�y�s� �=� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� 

�T�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �a�t� �f�a�i�l�u�r�e� �w�a�s� �e�q�u�a�l� �t�o� �t�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s�,� �t�h�e�r�e�f�o�r�e�,� 

�2�E�y�,� 
�w�a� 
� � �[�2�.�2�8�]� 

�w�h�e�r�e�,� �o�,� �=� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �f�o�r� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l� 

�t�o� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �c�o�h�e�s�i�v�e� �s�t�r�e�s�s� �n�e�e�d�e�d� �t�o� �s�e�p�a�r�a�t�e� �t�w�o� �a�d�j�a�c�e�n�t� �a�t�o�m�s� �i�n� �a� �c�r�y�s�t�a�l�l�i�n�e� 

�m�a�t�e�r�i�a�l�,� �c�o�n�s�i�d�e�r�i�n�g� �(�2�/�7�)� �~� �1�;� 

�E�y�,� 
�S�c�o�h� �=� �a� �[�2�.�2�9�]� � � 

�O�o� 

�w�h�e�r�e�:� 

�c�o�h�e�s�i�v�e� �s�t�r�e�s�s� �H�I� �C�S�e�o�h� 

�y�s� �=� �s�u�r�f�a�c�e� �e�n�e�r�g�y� 

�a� �=� �e�q�u�i�l�b�r�i�u�m� �a�t�o�m�i�c� �d�i�s�t�a�n�c�e� 

�T�h�e� �p�r�e�d�i�c�t�e�d� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s�e�s�,� �h�o�w�e�v�e�r�,� �f�e�l�l� �s�i�g�n�i�f�i�c�a�n�t�l�y� �s�h�o�r�t� �o�f� �t�h�e� �s�t�r�e�s�s�e�s� �r�e�q�u�i�r�e�d� 

�t�o� �f�r�a�c�t�u�r�e� �a�c�t�u�a�l� �m�a�t�e�r�i�a�l�s�.� �P�l�a�s�t�i�c�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �e�x�h�i�b�i�t�e�d� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s�e�s� �s�e�v�e�r�a�l� �o�r�d�e�r�s� 

�o�f� �m�a�g�n�i�t�u�d�e� �g�r�e�a�t�e�r� �t�h�a�n� �p�r�e�d�i�c�t�e�d�.� �G�r�i�f�f�i�t�h� �h�a�d� �a�s�s�u�m�e�d� �t�h�a�t� �m�a�t�e�r�i�a�l�s� �u�n�d�e�r�g�o�i�n�g� �f�r�a�c�t�u�r�e� 
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�e�x�h�i�b�i�t�e�d� �p�u�r�e� �l�i�n�e�a�r� �e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r�.� �A�c�t�u�a�l� �m�a�t�e�r�i�a�l�s�,� �h�o�w�e�v�e�r�,� �w�e�r�e� �f�o�u�n�d� �t�o� �u�n�d�e�r�g�o� 

�v�a�r�y�i�n�g� �d�e�g�r�e�e�s� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� �T�h�i�s� �d�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �o�c�c�u�r�r�e�d� �a�s� �c�r�a�c�k� �t�i�p� �b�l�u�n�t�i�n�g�,� 

�a�b�s�o�r�b�e�d� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �s�t�r�a�i�n� �e�n�e�r�g�y�.� 

�O�r�o�w�a�n�[�7�]�,� �t�o� �a�c�c�o�u�n�t� �f�o�r� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�,� �m�o�d�i�f�i�e�d� �G�r�i�f�f�i�t�h ��s� �r�e�s�u�l�t�s� �b�y� �a�d�d�i�n�g� �a� 

�p�l�a�s�t�i�c� �e�n�e�r�g�y� �t�e�r�m� �s�i�m�i�l�a�r� �t�o� �t�h�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �t�e�r�m�,� 

� � 

� � �o�,�=� �J� �r�s� �)�(�1� �+�3�)� �[�2�.�3�0�]� 

�w�h�e�r�e� �y�,� �=� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �e�n�e�r�g�y�.� �F�o�r� �y�,�>�>�y�,�,� �t�h�e� �e�q�u�a�t�i�o�n� �i�s� �s�i�m�p�l�i�f�i�e�d�:� 

�2�E�y� �5� 
�O�c�=�V�/� �a� �[�2�.�3�1�]� 

�T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�u�n�d� �l�i�t�t�l�e� �a�p�p�l�i�c�a�t�i�o�n� �s�i�n�c�e� �y�,� �c�o�u�l�d� �n�o�t� �b�e� �m�e�a�s�u�r�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

� � 

�2�.�2�.�2� �S�t�r�a�i�n� �E�n�e�r�g�y� �R�e�l�e�a�s�e� �R�a�t�e� 

�I�r�w�i�n�[�{�8�,�9�]� �d�e�c�i�d�e�d� �t�o� �c�o�m�b�i�n�e� �b�o�t�h� �y�,� �a�n�d� �y�,� �i�n�t�o� �a� �s�i�n�g�l�e� �t�e�r�m� �w�h�i�c�h� �h�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� 

�t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�,� �d�e�n�o�t�e�d� �b�y� �G�,� 

�G� �=� �A�y�,� �t� �y�p�)� �[�2�.�3�2�]� 

�G� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �t�o�t�a�l� �c�h�a�n�g�e� �i�n� �s�t�o�r�e�d� �s�t�r�a�i�n� �e�n�e�r�g�y� �p�e�r� �i�n�c�r�e�m�e�n�t� �o�f� �c�r�a�c�k� �s�u�r�f�a�c�e� �a�r�e�a�,� 

 �� �O�U� �G�=�%� �[�2�.�3�3�]� 

�T�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �a�t� �f�a�i�l�u�r�e� �w�a�s� �t�h�e�r�e�f�o�r�e� �r�e�a�c�h�e�d� �a�t� �a� �c�r�i�t�i�c�a�l� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�,� 
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�M�,� 

�M�,� 

� � 

� � 

� � 

� � 

�F�i�g�u�r�e� �1�0�.� �S�t�i�f�f�n�e�s�s� �v�e�r�s�u�s� �c�r�a�c�k� �l�e�n�g�t�h� �[�3�]� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �2�5



�E�G�,� 
�t�a� 

� � 

�[�2�.�3�4�]� �o�o� �=� 

�w�h�e�r�e�,� �G�,� �=� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�.� 

�G�,� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �s�t�o�r�e�d� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �e�n�e�r�g�y� �a�t� �v�a�r�i�o�u�s� �c�r�a�c�k� 

�l�e�n�g�t�h�s� �(�F�i�g�u�r�e� �1�0�)�.� �I�r�w�i�n� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� �t�o�t�a�l� �e�n�e�r�g�y� �c�h�a�n�g�e� �o�f� �a� �s�p�e�c�i�m�e�n�,� �f�o�r� �a�n� �i�n�c�r�e�-� 

�m�e�n�t�a�l� �i�n�c�r�e�a�s�e� �i�n� �c�r�a�c�k� �l�e�n�g�t�h�,� �w�a�s� �e�q�u�a�l� �t�o� �t�h�e� �e�n�e�r�g�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �m�a�t�e�r�i�a�l� �b�y� �a�n� 

�e�x�t�e�r�n�a�l� �l�o�a�d�,� �P�,� �m�i�n�u�s� �t�h�e� �l�o�s�s� �o�f� �s�t�r�a�i�n� �e�n�e�r�g�y� �d�e�n�o�t�e�d� �b�y� �V�:� 

�o�u� �d�é� �d�V� 
�G�=� �3�a� �=�P� �d�a� �d�a� �[�2�.�3�5�]� 

�w�h�e�r�e�,� �6� �=� �d�i�s�p�l�a�c�e�m�e�n�t�.� �T�h�e� �s�t�o�r�e�d� �s�t�r�a�i�n� �e�n�e�r�g�y� �f�o�r� �a�n� �e�l�a�s�t�i�c�i�t�y� �l�o�a�d�e�d� �b�o�d�y� �i�s� �e�q�u�a�l� �t�o� 

�o�n�e� �h�a�l�f� �t�h�e� �l�o�a�d� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t�:� 

�P�5� �_� �P�e� 
�v�=� �=� �o�m� �[�2�.�3�6�]� 

�w�h�e�r�e�,� �m� �=� �6�/�P� �=� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �A�s� �t�h�e� �c�r�a�c�k� �e�x�t�e�n�d�s�,� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�d�e�c�r�e�a�s�e�s� �m�a�k�i�n�g� �t�h�e� �p�r�o�d�u�c�t� �o�f� �s�t�i�f�f�n�e�s�s� �a�n�d� �d�i�s�p�l�a�c�e�m�e�n�t� �a� �c�o�n�s�t�a�n�t� �f�o�r� �a� �c�o�n�s�t�a�n�t� �l�o�a�d�,� 

�P�,� �P�,� 
�T�h�,� �=� �M�p� �[�2�.�3�7�]� 

�S�u�b�s�t�i�t�u�t�i�n�g� �P� �a�n�d� �V� �i�n�t�o� �e�q�u�a�t�i�o�n� �2�.�3�5�,� �t�h�e� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �f�o�r� �a� �c�o�n�s�t�a�n�t� �l�o�a�d� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d�:� 

�o�u� �C�é� �4� �0�6� 

�(�2�)� �=�P�a�e� �2�)� �a�a� �[�2�.�3�8�]� 

�_� �1� �p�2�/� �d�1�/�m� 
�o�r� �G� �=�f� �p�?�(� �A�i�n� �)� 

�w�h�e�r�e�,� �1�/�m� �=� �m�a�t�e�r�i�a�l� �c�o�m�p�l�i�a�n�c�e�.� �T�h�e� �c�h�a�n�g�e� �o�f� �c�o�m�p�l�i�a�n�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �c�r�a�c�k� �l�e�n�g�t�h� 
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�i�s� �a�l�w�a�y�s� �p�o�s�i�t�i�v�e�,� �m�a�k�i�n�g� �G� �p�o�s�i�t�i�v�e�.� 

�I�n�s�t�a�b�i�l�i�t�y� �i�s� �r�e�a�c�h�e�d� �w�h�e�n� �t�h�e� �l�o�a�d� �i�s� �i�n�c�r�e�a�s�e�d� �t�o� �a� �l�e�v�e�l� �w�h�e�r�e� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�-� 

�l�e�a�s�e� �r�a�t�e� �r�e�a�c�h�e�s� �a� �c�r�i�t�i�c�a�l� �m�a�g�n�i�t�u�d�e�;� 

�1� �2�2� �6�1�/�m� 
�G�.�=� �2� �P�a�a�x�(� �[�2�.�3�9�]� 

�w�h�e�r�e�,� �P�r�a�x� �=� �l�o�a�d� �a�t� �f�a�i�l�u�r�e�.� �T�h�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� 

�w�h�i�c�h� �o�c�c�u�r�s� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �c�r�a�c�k� �t�i�p� �m�u�s�t� �b�e� �s�m�a�l�l� �e�n�o�u�g�h� �i�n� �m�a�g�n�i�t�u�d�e� �s�o� �t�h�a�t� �i�t� �d�o�e�s� �n�o�t� 

�i�n�f�l�u�e�n�c�e� �t�h�e� �o�v�e�r�a�l�l� �e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l� �b�e�h�a�v�i�o�r�.� 

�2�.�2�.�3� �S�t�r�e�s�s� �I�n�t�e�n�s�i�t�y� 

�I�r�w�i�n�[�1�0�]� �r�e�-�e�x�a�m�i�n�e�d� �t�h�e� �f�r�a�c�t�u�r�e� �p�r�o�b�l�e�m� �u�s�i�n�g� �t�h�e� �c�o�n�c�e�p�t�s� �o�f� �e�l�a�s�t�i�c� �t�h�e�o�r�y�.� �U�t�i�l�i�z�i�n�g� 

�a�n� �a�n�a�l�y�t�i�c�a�l� �m�e�t�h�o�d� �p�r�o�p�o�s�e�d� �b�y� �W�e�s�t�e�r�g�a�a�r�d�[�1�1�]�,� �h�e� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �v�a�r�-� 

�i�o�u�s� �s�t�r�e�s�s�e�s� �s�u�r�r�o�u�n�d�i�n�g� �a�n� �a�t�o�m�i�c�a�l�l�y� �s�h�a�r�p� �c�r�a�c�k� �w�i�t�h�i�n� �a�n� �i�n�f�i�n�i�t�e�l�y� �w�i�d�e� �e�l�a�s�t�i�c� �p�l�a�t�e� 

�u�n�d�e�r� �a� �t�e�n�s�i�l�e� �l�o�a�d� �(�F�i�g�u�r�e� �1�1�)�.� 

�o�,� �=� �0�,�/�a�/�a�r� �c�o�s� �4� �(�1� �s�i�n� �$�-�s�i�n� �|� �[�2�.�4�0�]� 

�o�y� �=� �0�.�/�a�/�2�r� �c�o�s� �3� �(�1� �+� �s�i�n� �£� �s�i�n� �B�e� �)�|� �[�2�.�4�1�]� 

�T�y�y� �=� �o�.�/�a�/�2�r� �s�i�n� �3� �c�o�s� �4� �c�o�s� �3�.� �[�2�.�4�2�]� 

�w�h�e�r�e�;� 

�o� �=� �a�p�p�l�i�e�d� �n�o�r�m�a�l� �s�t�r�e�s�s� 

�t� �=� �a�p�p�l�i�e�d� �s�h�e�a�r� �s�t�r�e�s�s� 

�p� �=� �c�r�a�c�k� �t�i�p� �r�a�d�i�u�s� 
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�z� 

�F�i�g�u�r�e� �1�1�.� �S�t�r�e�s�s� �c�o�o�r�d�i�n�a�t�e�s� �s�u�r�r�o�u�n�d�i�n�g� �a� �c�r�a�c�k� �t�i�p� �[�4�]� 
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�i� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �c�r�a�c�k� �t�i�p�,�a� �>� �r� �>� �p� 

�o�n�e� �h�a�l�f� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h� �a� 

�a� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �c�r�a�c�k� �p�l�a�n�e� �a�n�d� �t�h�e� �v�e�c�t�o�r� �r� 

�I�r�w�i�n� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �e�a�c�h� �s�t�r�e�s�s� �w�a�s� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �p�r�o�d�u�c�t� 

�o�f� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �a�n�d� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h�.� �H�e� �r�e�f�e�r�r�e�d� �t�o� �t�h�i�s� �p�r�o�d�u�c�t� �a�s� 

�s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y�,� �d�e�n�o�t�e�d� �b�y� �K�,� 

�K�=�o�.�,�/�n�z�a�_ �� �I�N�F�I�N�I�T�E�L�Y� �W�I�D�E� �P�L�A�T�E� �[�2�.�4�3�]� 

�K� �=�f�(�c�,�a�)� �O�T�H�E�R� �G�E�O�M�E�T�R�I�E�S� �[�2�.�4�4�]� 

�F�r�o�m� �e�q�u�a�t�i�o�n� �2�.�4�3�,� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �c�a�n� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �d�i�v�i�d�e�d� �b�y� �t�h�e� 

�s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h�,� 

�K� 

�J�r�a� 
� � �I�N�F�I�N�I�T�E�L�Y� �W�I�D�E� �P�L�A�T�E� �[�2�.�4�5�]� �c�=� 

�T�h�i�s� �r�e�s�u�l�t� �p�a�r�a�l�l�e�d� �I�r�w�i�n ��s� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �a�n�d� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�-� 

�l�e�a�s�e� �r�a�t�e�,� 

�o�=�.�4�/ �� �[�2�.�3�4�]� 

�T�h�i�s� �i�m�p�l�i�e�d� �t�h�a�t� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �c�o�u�l�d� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�,� 

�K�*�=�G�E� �P�L�A�N�E� �S�T�R�E�S�S� �[�2�.�4�6�]� 

�x�?� �- ��S�E�_� �P�L�A�N�E� �S�T�R�A�I�N� �[�2�.�4�7�]� 
�4 ��p�?� 

�C�r�i�t�i�c�a�l� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �n�o�t� �o�n�l�y� �a�t� �G�,� �b�u�t� �a�l�s�o� �a�t� �a� �c�r�i�t�i�c�a�l� �v�a�l�u�e� �o�f� �K�,� �d�e�n�o�t�e�d� �b�y� �K�,�.� �B�o�t�h� 

�G�.� �a�n�d� �K�,� �a�r�e� �t�h�u�s� �d�e�f�i�n�e�d� �a�s� �i�n�t�r�i�n�s�i�c� �m�a�t�e�r�i�a�l� �p�a�r�a�m�e�t�e�r�s�.� 
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�2�.�2�.�4� �C�r�a�c�k� �T�i�p� �S�t�r�e�s�s�e�s� 

�W�e�s�t�e�r�g�a�a�r�d ��s� �e�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �s�t�r�e�s�s�e�s� �s�u�r�r�o�u�n�d�i�n�g� �a� �c�r�a�c�k� �t�i�p� �a�p�p�l�i�e�d� �o�n�l�y� �f�o�r� �i�n�f�i�-� 

�n�i�t�e�l�y� �w�i�d�e� �m�a�t�e�r�i�a�l�s� �e�x�h�i�b�i�t�i�n�g� �p�u�r�e� �e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r�.� �T�h�e�s�e� �e�q�u�a�t�i�o�n�s� �b�e�c�o�m�e� �i�n�v�a�l�i�d� �f�o�r� 

�a�c�t�u�a�l� �s�a�m�p�l�e�s� �d�u�e� �t�o� �t�h�i�c�k�n�e�s�s� �e�f�f�e�c�t�s� �a�s� �w�e�l�l� �a�s� �l�o�c�a�l�i�z�e�d� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �c�o�n�t�r�o�l�s� 

�t�h�e� �m�a�t�e�r�i�a�l ��s� �m�e�c�h�a�n�i�c�a�l� �r�e�s�p�o�n�s�e�.� 

�C�o�n�s�i�d�e�r� �f�i�r�s�t� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �a�n� �e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �a� �n�o�t�c�h� �o�r� �a� �c�r�a�c�k� 

�r�u�n�n�i�n�g� �i�n� �t�h�e� �x� �d�i�r�e�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �x�z� �p�l�a�n�e� �w�i�t�h� �a�n� �a�p�p�l�i�e�d� �t�e�n�s�i�l�e� �l�o�a�d� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n� 

�(�F�i�g�u�r�e� �1�2�a�)�.� �T�h�e� �s�t�r�e�s�s� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n� �i�s� �g�r�e�a�t�e�s�t� �c�l�o�s�e�s�t� �t�o� �t�h�e� �n�o�t�c�h� �d�u�e� �t�o� �t�h�e� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t�.� �T�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�f�f�e�c�t� �c�a�n� �m�a�g�n�i�f�y� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �b�y� �s�e�v�e�r�a�l� �o�r�-� 

�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�.� �H�o�w�e�v�e�r�,� �i�t� �d�e�c�r�e�a�s�e�s� �q�u�i�c�k�l�y� �a�s� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �n�o�t�c�h� �i�n� �t�h�e� �p�o�s�i�-� 

�t�i�v�e� �x� �d�i�r�e�c�t�i�o�n� �i�n�c�r�e�a�s�e�s�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �n�o�t�c�h� �n�o�t� �o�n�l�y� �c�o�n�c�e�n�t�r�a�t�e�s� �t�h�e� �s�t�r�e�s�s� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n�,� �b�u�t� �a�l�s�o� 

�c�r�e�a�t�e�s� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �x� �a�n�d� �z� �d�i�r�e�c�t�i�o�n�s�.� �D�i�e�t�e�r�[�2�]� �e�x�p�l�a�i�n�e�d� �t�h�i�s� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� 

�i�n� �f�r�o�n�t� �o�f� �t�h�e� �n�o�t�c�h� �t�o� �a� �s�e�r�i�e�s� �o�f� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�s� �l�i�n�e�d� �u�p� �r�u�n�n�i�n�g� �f�r�o�m� �t�h�e� �n�o�t�c�h� �i�n� �t�h�e� �x� 

�d�i�r�e�c�t�i�o�n�,� �w�i�t�h� �t�h�e�i�r� �l�e�n�g�t�h�s� �i�n� �y� �d�i�r�e�c�t�i�o�n� �a�n�d� �t�h�e�i�r� �w�i�d�t�h�s� �e�q�u�a�l� �t�o� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�a�l�o�n�g� �t�h�e� �z� �a�x�i�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �n�o�t�c�h� �t�i�p�.� 

�A�s� �e�a�c�h� �s�p�e�c�i�m�e�n� �i�s� �e�l�o�n�g�a�t�e�d� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n� �d�u�e� �t�o� �t�h�e� �n�o�r�m�a�l� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �i�n� �y� 

�d�i�r�e�c�t�i�o�n�,� �o�,�,� �i�t� �a�t�t�e�m�p�t�s� �t�o� �c�o�n�t�r�a�c�t� �i�n� �t�h�e� �x� �d�i�r�e�c�t�i�o�n� �b�y� �a� �q�u�a�n�t�i�t�y� �e�q�u�a�l� �t�o� �t�h�e� �s�t�r�a�i�n� �i�n� �t�h�e� 

�y� �d�i�r�e�c�t�i�o�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �P�o�i�s�s�o�n ��s� �r�a�t�i�o�.� �T�h�e� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n� �n�e�x�t� �t�o� �t�h�e� �n�o�t�c�h� �i�s� �f�r�e�e� �t�o� 

�c�o�n�t�r�a�c�t� �w�i�t�h�o�u�t� �r�e�s�t�r�a�i�n�t� �s�i�n�c�e� �t�h�e� �n�o�r�m�a�l� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �i�n� �t�h�e� �x� �d�i�r�e�c�t�i�o�n�,� �o�,�,� �i�s� �e�q�u�a�l� �t�o� �z�e�r�o�.� 

�o�,� �i�s� �e�q�u�a�l� �t�o� �z�e�r�o� �h�e�r�e� �s�i�n�c�e� �t�h�e� �n�o�t�c�h� �f�o�r�m�s� �a� �f�r�e�e� �s�u�r�f�a�c�e�.� �T�h�e� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�s� �i�n� �f�r�o�m� 

�t�h�e� �n�o�t�c�h� �h�o�w�e�v�e�r�,� �a�r�e� �n�o�t� �f�r�e�e� �t�o� �c�o�n�t�r�a�c�t� �s�i�n�c�e� �e�a�c�h� �i�s� �s�a�n�d�w�i�c�h�e�d� �b�e�t�w�e�e�n� �o�t�h�e�r� �s�p�e�c�i�-� 

�m�e�n�s� �w�h�o� �a�l�s�o� �d�e�s�i�r�e� �t�o� �c�o�n�t�r�a�c�t�.� �T�h�e� �o�p�p�o�s�i�n�g� �t�e�n�d�e�n�c�i�e�s� �o�f� �t�h�e� �a�d�j�a�c�e�n�t� �s�p�e�c�i�m�e�n�s� �t�o� 

�c�o�n�t�r�a�c�t� �g�e�n�e�r�a�t�e�s� �a� �n�o�r�m�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �x� �d�i�r�e�c�t�i�o�n� �t�h�u�s� �p�r�e�v�e�n�t�i�n�g� �t�h�e�m� �f�r�o�m� �s�p�l�i�t�t�i�n�g� �a�p�a�r�t�.� 

�C�l�o�s�e� �t�o� �t�h�e� �n�o�t�c�h� �c�,� �i�s� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l�,� �b�u�t� �i�t� �i�n�c�r�e�a�s�e�s� �r�a�p�i�d�l�y� �a�s� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �n�o�t�c�h� 

�i�n�c�r�e�a�s�e�s�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �i�n� �o�,� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �d�e�c�r�e�a�s�i�n�g� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e�.� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �3�0



�A�t� �a� �c�e�r�t�a�i�n� �d�i�s�t�a�n�c�e�,� �o�,� �b�e�g�i�n�s� �t�o� �d�e�c�r�e�a�s�e� �a�g�a�i�n�.� �T�h�i�s� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �d�e�c�r�e�a�s�i�n�g� 

�t�e�n�d�e�n�c�y� �t�o� �c�o�n�t�r�a�c�t�,� �d�u�e� �t�o� �o�,� �d�e�c�r�e�a�s�i�n�g�,� �f�i�n�a�l�l�y� �o�v�e�r�s�h�a�d�o�w�i�n�g� �t�h�e� �i�n�c�r�e�a�s�i�n�g� �r�e�s�t�r�i�c�t�i�o�n� �t�o� 

�c�o�n�t�r�a�c�t�.� 

�T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �s�t�r�e�s�s� �i�n� �t�h�e� �z� �d�i�r�e�c�t�i�o�n� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� 

�C�o�m�p�a�r�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �t�o� �a� �s�e�r�i�e�s� �o�f� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �n�o�w� �l�i�n�e�d� �u�p� �i�n� �t�h�e� �z� �d�i�r�e�c�t�i�o�n� 

�a�l�o�n�g� �t�h�e� �n�o�t�c�h� �t�i�p�,� �e�a�c�h� �s�p�e�c�i�m�e�n� �w�o�u�l�d� �n�o�w� �c�o�n�t�r�a�c�t� �i�n� �t�h�e� �z� �d�i�r�e�c�t�i�o�n� �a�s� �i�t� �w�a�s� �e�l�o�n�g�a�t�e�d� 

�i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �t�w�o� �e�n�d� �s�p�e�c�i�m�e�n�s� �p�o�s�i�t�i�o�n�e�d� �a�l�o�n�g� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�w�o�u�l�d� �b�e� �f�r�e�e� �t�o� �c�o�n�t�r�a�c�t� �s�i�n�c�e� �o�,� �f�o�r� �t�h�e�m� �w�o�u�l�d� �b�e� �e�q�u�a�l� �t�o� �z�e�r�o�.� �S�t�r�e�s�s� �w�o�u�l�d� �h�o�w�e�v�e�r� 

�i�n�c�r�e�a�s�e� �r�a�p�i�d�l�y� �a�w�a�y� �f�r�o�m� �t�h�e� �e�n�d�s� �a�n�d� �p�l�a�t�e�a�u� �o�f�f� �i�n� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �s�a�m�p�l�e� �(�F�i�g�u�r�e� �1�2�c�)�.� 

�F�o�r� �t�h�i�n� �s�a�m�p�l�e�s�,� �t�h�i�s� �p�l�a�t�e�a�u� �l�e�v�e�l� �i�s� �n�e�v�e�r� �r�e�a�c�h�e�d� �t�h�u�s� �p�r�o�d�u�c�i�n�g� �a� �c�o�n�d�i�t�i�o�n� �e�q�u�i�v�a�l�e�n�t� �t�o� 

�p�l�a�n�e� �s�t�r�e�s�s�.� �F�o�r� �t�h�i�c�k� �s�a�m�p�l�e�s�,� �t�h�e� �s�u�r�f�a�c�e� �e�f�f�e�c�t� �b�e�c�o�m�e�s� �n�e�g�l�i�g�i�b�l�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �e�n�t�i�r�e� �m�a�t�e�r�i�a�l� �t�h�u�s� �p�r�o�d�u�c�i�n�g� �a� �c�o�n�d�i�t�i�o�n� �e�q�u�i�v�a�l�e�n�t� �t�o� �p�l�a�n�e� 

�s�t�r�a�i�n�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�i�c�k�n�e�s�s� �o�n� �o�,� �a�n�d� �o�,� �i�s� �u�s�u�a�l�l�y� �l�e�s�s� �t�h�a�n� �1�0� �p�e�r�c�e�n�t� �i�n� �m�e�t�a�l�s�.� 

�F�i�g�u�r�e� �1�2�b� �s�h�o�w�s� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �o�,� �o�n� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �n�o�t�c�h� �t�i�p� �i�n� �t�h�e� �x� �d�i�-� 

�r�e�c�t�i�o�n�.� �T�h�e� �z� �d�i�r�e�c�t�i�o�n�a�l� �s�t�r�e�s�s� �i�s� �n�o�t� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �n�o�t�c�h�,� �t�h�e�r�e�f�o�r�e�,� 

�i�t� �s�h�o�w�s� �a� �m�a�x�i�m�u�m� �a�t� �t�h�e� �t�i�p� �a�n�d� �d�e�c�r�e�a�s�e�s� �s�i�m�i�l�a�r�l�y� �t�o� �o�,� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e�.� 

�2�.�2�.�5� �P�l�a�s�t�i�c� �Z�o�n�e� 

�I�n� �t�h�e� �a�b�o�v�e� �d�i�s�c�u�s�s�i�o�n�,� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�t�r�e�s�s�e�s� �i�n� �f�r�o�n�t� �o�f� �a� �n�o�t�c�h� �f�o�r� �a� �m�a�t�e�r�i�a�l� 

�e�x�h�i�b�i�t�i�n�g� �p�u�r�e�l�y� �e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �w�a�s� �d�e�s�c�r�i�b�e�d�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�t�r�e�s�s�e�s� �f�o�r� �a� �m�a�t�e�r�i�a�l� 

�c�a�p�a�b�l�e� �o�f� �e�l�a�s�t�i�c� �a�n�d� �p�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �i�s� �d�i�f�f�e�r�e�n�t�.� �F�o�r� �a� �p�u�r�e�l�y� �e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�,� �t�h�e� �m�a�g�n�i�-� 

�t�u�d�e� �o�f� �o�,� �o�f� �t�h�e� �n�o�t�c�h� �t�i�p� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�f�a�c�t�o�r�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �l�e�n�g�t�h� �a�n�d� �s�h�a�r�p�n�e�s�s� �o�f� �t�h�e� �c�r�a�c�k�,� �t�h�e� �s�t�r�e�s�s� �c�a�n� �b�e� �m�a�g�n�i�f�i�e�d� �b�y� 

�s�e�v�e�r�a�l� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �o�r� �m�o�r�e�.� �T�h�e� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�t�r�e�s�s� �i�s� �o�f�t�e�n� �p�r�e�v�e�n�t�e�d� �f�r�o�m� 

�o�c�c�u�r�r�i�n�g� �i�n� �a�n� �a�c�t�u�a�l� �m�a�t�e�r�i�a�l� �h�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �r�e�g�i�o�n� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�-� 
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�F�i�g�u�r�e� �1�2�.� �S�t�r�e�s�s�e�s� �s�u�r�r�o�u�n�d�i�n�g� �a�n� �a�t�o�m�i�c�a�l�l�y� �s�h�a�r�p� �c�r�a�c�k�:� �a�)� �e�l�a�s�t�i�c� �s�t�r�e�s�s�e�s� �b�e�n�e�a�t�h� �a� �n�o�t�c�h� 
�i�n� �a� �t�h�i�n� �p�l�a�t�e�(�p�l�a�n�e� �s�t�r�e�s�s�)�;� �b�)� �e�l�a�s�t�i�c� �s�t�r�e�s�s�e�s� �b�e�n�e�a�t�h� �a� �n�o�t�c�h� �i�n� �a� �p�l�a�n�e� �s�t�r�a�i�n�;� �c�)� 
�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �¢�,� �w�i�t�h� �z� �a�t� �x�=�0� �(�p�l�a�n�e� �s�t�r�a�i�n�)�;� �d�)� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�t�r�e�s�s�e�s� �d�u�r�i�n�g� �l�o�c�a�l� 
�y�i�e�l�d�i�n�g� �(�p�l�a�n�e� �s�t�r�a�i�n�)� �[�2�]� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �3�2



�t�i�o�n� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �n�o�t�c�h� �t�i�p�,� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e�.� �T�h�e� �p�l�a�s�t�i�c� �d�e�f�r�o�m�a�t�i�o�n� �a�c�t�s� �a�s� 

�a� �r�e�l�i�e�v�e� �v�a�l�v�e� �t�o� �t�h�e� �h�i�g�h� �s�t�r�e�s�s�e�s� �t�h�e�r�e�b�y� �m�a�k�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �t�o�u�g�h�e�r�.� 

�T�h�e� �l�e�v�e�l� �o�f� �s�t�r�e�s�s� �i�n� �t�h�e� �y� �d�i�r�e�c�t�i�o�n� �n�e�c�e�s�s�a�r�y� �t�o� �i�n�d�u�c�e� �y�i�e�l�d�i�n�g� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� 

�t�r�a�n�s�v�e�r�s�e� �s�t�r�e�s�s�e�s�.� �T�r�e�s�c�a� �[�1�2�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �y�i�e�l�d�i�n�g� �o�c�c�u�r�s� �w�h�e�n� �t�h�e� �s�u�m� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� 

�s�t�r�e�s�s� �m�i�n�u�s� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �s�t�r�e�s�s� �e�q�u�a�l�s� �t�h�e� �t�e�n�s�i�l�e� �y�i�e�l�d� �s�t�r�e�s�s� 

�G�o� �=� �4�  �� �0�3� �[�2�.�4�8�]� 

�w�h�e�r�e�:� 

�o�,� �=� �y�i�e�l�d� �s�t�r�e�s�s� 

�o�,� �=� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� 

�o�3� �=� �t�r�a�n�s�v�e�r�s�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� 

�Y�i�e�l�d�i�n�g� �o�c�c�u�r�s� �w�h�e�n� �a�o�,� �e�q�u�a�l�s� �o�,�.�,� �w�h�e�r�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �s�t�r�e�s�s� �i�s� �z�e�r�o�.� �T�h�e� 

�m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s� �n�e�c�e�s�s�a�r�y� �t�o� �i�n�d�u�c�e� �y�i�e�l�d�i�n�g� �h�o�w�e�v�e�r� �i�n�c�r�e�a�s�e�s� �a�s� �o�a�;� �i�n�-� 

�c�r�e�a�s�e�s�.� �T�h�u�s� �t�h�e� �m�i�n�i�m�u�m� �o�a�,� �n�e�c�e�s�s�a�r�y� �t�o� �i�n�d�u�c�e� �y�i�e�l�d�i�n�g� �i�n� �a� �n�o�t�c�h�e�d� �s�p�e�c�i�m�e�n� �o�c�c�u�r�s� 

�a�t� �t�h�e� �n�o�t�c�h� �t�i�p� �(�F�i�g�u�r�e� �1�2�d�)�.� �A�s� �y�o�u� �m�o�v�e� �a�w�a�y� �f�r�o�m� �t�h�e� �n�o�t�c�h� �t�i�p�,� �o�,� �i�n�c�r�e�a�s�e�s� �d�u�e� �t�o� �i�n�-� 

�c�r�e�a�s�e�s� �i�n� �o�,� 

�W�h�e�n� �t�h�e� �v�a�l�u�e� �o�f� �o�,� �f�o�r� �t�h�e� �e�l�a�s�t�i�c� �c�a�s�e� �e�q�u�a�l�s� �t�h�e� �v�a�l�u�e� �o�f� �o�,� �f�o�r� �t�h�e� �p�l�a�s�t�i�c� �c�a�s�e�,� �t�h�e� 

�l�i�m�i�t�s� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �a�r�e� �r�e�a�c�h�e�d�.� �T�h�e� �s�t�r�e�s�s�e�s� �f�r�o�m� �t�h�i�s� �p�o�i�n�t� �o�n� �a�r�e� �e�q�u�a�l� �a�n�d� �d�e�c�r�e�a�s�e�.� 

�M�a�t�e�r�i�a�l�s� �w�h�i�c�h� �h�a�v�e� �a� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �y�i�e�l�d� �s�t�r�e�s�s�,� �h�a�v�e� �l�a�r�g�e� �p�l�a�s�t�i�c� �z�o�n�e�s�,� �s�i�n�c�e� �o�,� �f�o�r� �t�h�e� 

�e�l�a�s�t�i�c� �a�n�d� �p�l�a�s�t�i�c� �c�a�s�e�s� �w�o�u�l�d� �b�e�c�o�m�e� �e�q�u�a�l� �a�t� �a� �l�o�w�e�r� �s�t�r�e�s�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �f�u�r�t�h�e�r� �f�r�o�m� �t�h�e� 

�n�o�t�c�h�.� �:� 

�T�h�e� �s�i�z�e� �a�n�d� �s�h�a�p�e� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �i�t�s� �l�o�c�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �s�a�m�p�l�e�.� 

�I�r�w�i�n�[�1�0�]� �v�i�e�w�e�d� �t�h�e� �z�o�n�e� �a�s� �h�a�v�i�n�g� �a� �c�i�r�c�u�l�a�r� �s�h�a�p�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �x�y� �c�r�o�s�s� �s�e�c�t�i�o�n�s�,� 

�F�i�g�u�r�e� �1�3�,� �w�i�t�h� �i�t�s� �r�a�d�i�u�s� �i�n�c�r�e�a�s�i�n�g� �a�s� �i�t� �m�o�v�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �s�a�m�p�l�e� �a�l�o�n�g� �t�h�e� 

�z� �a�x�i�s�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �c�h�a�n�g�e� �f�r�o�m� �p�l�a�n�e� �s�t�r�a�i�n� �t�o� �p�l�a�n�e� �s�t�r�e�s�s� �c�o�n�d�i�t�i�o�n�s�:� 

�2� 

�r�y�e� �+� �(�4�5�)� �P�L�A�N�E� �S�T�R�E�S�S� �[�2�.�4�9�]� 
�G�o� 
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�r�,� �=� �r�a�d�i�u�s� �o�f� �t�h�e� �z�o�n�e� 
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�P�L�A�N�E� �S�T�R�A�I�N� �[�2�.�5�0�]� 

�w�h�e�r�e�;� 

�K� �=� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� 

�o�,� �=� �y�i�e�l�d� �s�t�r�e�s�s� 

�I�r�w�i�n� �e�x�p�e�c�t�e�d� �t�h�a�t� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �n�e�a�r� �t�h�e� �e�d�g�e�s� �w�o�u�l�d� �h�a�v�e� �a� �r�a�d�i�u�s� �3� �t�i�m�e�s� �t�h�a�t� �o�f� �t�h�e� 

�c�e�n�t�e�r�.� 

�T�h�i�s� �t�h�e�o�r�y� �w�a�s� �l�a�t�e�r� �m�o�d�i�f�i�e�d� �b�y� �H�a�h�n� �a�n�d� �R�o�s�e�n�f�i�e�l�d�[�1�3�]� �w�h�o� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �p�l�a�s�t�i�c� 

�z�o�n�e� �w�a�s� �m�o�r�e� �l�i�k�e� �a�n� �e�l�l�i�p�s�e� �t�h�a�n� �a� �c�i�r�c�l�e�.� �T�h�e� �d�i�s�t�a�n�c�e� �t�h�e� �z�o�n�e� �e�x�t�e�n�d�e�d� �f�r�o�m� �t�h�e� �n�o�t�c�h� 

�t�i�p� �w�a�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �v�e�c�t�o�r� �a�n�d� �t�h�e� �n�o�t�c�h� �o�n� �t�h�e� �x�z� �p�l�a�n�e�.� 

�=�O� �c�o�s�?� �®�)�(�1�4�3�5�i�n�?�&�)� �P�L�A�N�E� �S�T�R�E�S�S� �2�.�5�4� �v�=� �o�n�o�,� �c�o�s� �3� �s�i�n �� �[�2�.�5�1�]� 

�w�h�e�r�e�:� 

�=� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �n�o�t�c�h� �t�i�p� �a
� �|� 

�S�s
�)� �i�l� �a�n�g�l�e� �o�f�f� �t�h�e� �n�o�t�c�h� �p�l�a�n�e� 

�D�u�g�d�a�l�e�[�1�4�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �i�n� �s�e�l�e�c�t�e�d� �m�a�t�e�r�i�a�l�s� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �w�a�s� �n�e�i�t�h�e�r� �e�l�l�i�p�t�i�c�a�l� 

�n�o�r� �c�i�r�c�u�l�a�r�,� �b�u�t� �r�a�t�h�e�r� �a� �s�t�r�i�p� �(�F�i�g�u�r�e� �1�4�)�.� �T�h�e� �l�e�n�g�t�h� �a�n�d� �s�h�a�p�e� �o�f� �t�h�e� �s�t�r�i�p� �w�a�s� �d�e�p�e�n�d�e�n�t� 

�o�n� �t�h�e� �m�a�t�e�r�i�a�l ��s� �y�i�e�l�d� �s�t�r�e�s�s� �a�n�d� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y�,� 

� � 

� � 

�C� �n�o� �q� �=� �C�O�S� �2�6�,� �[�2�.�5�2�]� 

�2� 

�R�a�t�e� �[�2�.�5�3�]� 
�8�a�,� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �3�4



�w�h�e�r�e�:� 

�c� �=� �o�n�e� �h�a�l�f� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �c�r�a�c�k� 

�a� �=� �o�n�e� �h�a�l�f� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �c�r�a�c�k� �p�l�u�s� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� 

�o� �=� �a�p�p�l�i�e�d� �s�t�r�e�s�s� 

�R� �=� �l�e�n�g�t�h� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� 

�2�.�2�.�6� �M�o�d�e�s� �o�f� �F�r�a�c�t�u�r�e� 

�T�h�r�e�e� �m�o�d�e�s� �o�f� �l�o�a�d�i�n�g� �e�x�i�s�t� �f�o�r� �a� �p�a�r�t�i�a�l�l�y� �c�r�a�c�k�e�d� �m�a�t�e�r�i�a�l� �(�F�i�g�u�r�e� �1�5�)�.� �M�o�d�e�s� �]�,� �I�l�,� �a�n�d� 

�l�l�l� �a�r�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �t�e�n�s�i�l�e� �o�r� �o�p�e�n�i�n�g� �m�o�d�e�,� �t�h�e� �i�n�p�l�a�n�e� �s�h�e�a�r� �m�o�d�e� �a�n�d� �t�h�e� �a�n�t�i�-�p�l�a�n�e� 

�s�h�e�a�r� �m�o�d�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�a�i�l�u�r�e� �c�a�n� �o�c�c�u�r� �b�y� �o�n�e� �o�r� �m�o�r�e� �m�o�d�e�s�.� �M�o�d�e�s� �I�l� �a�n�d� �I�I�!� �a�r�e� �m�o�r�e� 

�r�e�s�i�s�t�a�n�t� �t�o� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �t�h�a�n� �M�o�d�e� �|� �s�i�n�c�e� �f�a�i�l�u�r�e� �i�n� �t�h�e� �f�o�r�m�e�r� �i�s� �p�r�o�d�u�c�e�d� �b�y� �a� 

�s�h�e�a�r�i�n�g� �s�t�r�e�s�s�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �M�o�d�e� �|� �i�s� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e� �f�o�u�n�d� �i�n� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �f�r�a�c�t�u�r�e�s� 

�s�i�n�c�e� �c�r�a�c�k�s� �g�e�n�e�r�a�l�l�y� �p�r�o�p�a�g�a�t�e� �a�l�o�n�g� �t�h�e� �p�a�t�h� �o�f� �l�e�a�s�t� �r�e�s�i�s�t�a�n�c�e�.� �P�u�r�e� �M�o�d�e� �I�I� �f�r�a�c�t�u�r�e� �i�s� 

�r�a�r�e�l�y� �f�o�u�n�d�.� �I�t� �d�o�e�s�,� �h�o�w�e�v�e�r�,� �p�r�o�d�u�c�e� �f�a�i�l�u�r�e� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �M�o�d�e� �|� �i�n� �m�a�t�e�r�i�a�l�s� �u�n�d�e�r� 

�t�e�n�s�i�o�n� �p�o�s�s�e�s�s�i�n�g� �a�n� �i�n�c�l�i�n�e�d� �c�r�a�c�k�.� �M�o�d�e� �I�l�l� �l�o�a�d�i�n�g� �c�a�u�s�e�s� �f�a�i�l�u�r�e�s� �i�n� �n�o�t�c�h�e�d� �r�o�u�n�d� �b�a�r�s� 

�u�n�d�e�r�g�o�i�n�g� �t�o�r�s�i�o�n�.� 

�2�.�2�.�7� �F�r�a�c�t�u�r�e� �T�o�u�g�h�n�e�s�s� �T�e�s�t�i�n�g� 

�2�.�2�.�7�.�1� �T�o�u�g�h�n�e�s�s� �T�e�s�t�i�n�g� �:� 

�S�t�a�n�d�a�r�d�i�z�e�d� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s� �f�o�r� �m�e�a�s�u�r�i�n�g� �t�h�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �o�f� �v�a�r�i�o�u�s� �m�e�t�a�l�s� 

�u�n�d�e�r� �t�h�e� �v�a�r�i�o�u�s� �m�o�d�e�s� �o�f� �l�o�a�d�i�n�g� �a�r�e� �n�o�t� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d�.� �C�u�r�r�e�n�t�l�y�,� �o�n�l�y� �o�n�e� �t�e�s�t�i�n�g� 

�m�e�t�h�o�d� �h�a�s� �b�e�e�n� �c�e�r�t�i�f�i�e�d� �b�y� �t�h�e� �A�S�T�M� �(�A�S�T�M� �E�-�3�9�9�)�.� �T�h�i�s� �m�e�t�h�o�d� �i�s� �d�e�s�i�g�n�e�d� �t�o� �m�e�a�s�u�r�e� 

�M�o�d�e� �|� �f�r�a�c�t�u�r�e� �i�n� �m�e�t�a�l�s� �a�n�d� �u�s�e�s� �e�i�t�h�e�r� �a� �t�h�r�e�e� �p�o�i�n�t� �b�e�n�d� �o�r� �a� �c�o�m�p�a�c�t� �t�e�n�s�i�o�n� �s�p�e�c�i�m�e�n�.� 

�T�h�i�s� �m�e�t�h�o�d� �h�a�s� �b�e�e�n� �a�p�p�l�i�e�d� �(�w�i�t�h� �a� �f�e�w� �m�o�d�i�f�i�c�a�t�i�o�n�s�)� �s�u�c�c�e�s�s�f�u�l�l�y� �t�o� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s�.� 

�S�e�v�e�r�a�l� �o�t�h�e�r� �m�e�t�h�o�d�s� �a�r�e� �c�u�r�r�e�n�t�l�y� �b�e�i�n�g� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �e�i�t�h�e�r� �t�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� 
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�D�i�r�e�c�t�i�o�n� 
�o�f� �c�r�a�c�k� �Z�o�n�e� �o�f� �p�l�a�s�t�i�c� 
�p�r�o�p�a�g�a�t�i�o�n� �e�e� �d�e�f�o�r�m�a�t�i�o�n� �w�i�t�h� 

�_ �� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� 
�p�l�a�n�e� �s�t�r�e�s�s� �t�o� 
�p�l�a�n�e� �s�t�r�a�i�n� 
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�~�+ �� �_� �P�l�a�n�e� �s�t�r�a�i�n� �i�n� �i�n�t�e�r�i�o�r� 

�I� �2� �w�h�e�r�e� �r�p� �=�  �� �(�K�/�Y� 
�P� �6�m� �I�Y�)� 

�'�p� 

�P�l�a�n�e� �s�t�r�e�s�s� �a�t� �e�d�g�e� 
�|� �h� �=�.� �(�K�/�Y�)�?� �w�h�e�r�e� �r�p� �5�5� �/�Y�)� 

�F�i�g�u�r�e� �1�3�.� �S�h�a�p�e� �o�f� �I�r�w�i�n ��s� �p�l�a�s�t�i�c� �z�o�n�e� �[�4�]� �-� 
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�P�l�a�s�t�i�c� �z�o�n�e� �2�V�(�c�)� 

�x� �W�L�L�L� �C�o�m� �S�S� �V�A�Y� �L�a� �o�n� 

�2�c� �I� �R� 

�F�i�g�u�r�e� �1�4�.� �D�u�g�d�a�l�e� �s�t�r�i�p� �p�l�a�s�t�i�c� �z�o�n�e� �[�3�]� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� �3�7



�M�o�d�e� �I� 

�M�o�d�e� �I�I� 

� � � � � � �M�o�d�e� �I�I�I� 

�F�i�g�u�r�e� �1�5�.� �M�o�d�e�s� �o�f� �f�r�a�c�t�u�r�e� �[�4�]� 
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�o�r� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �i�n� �p�l�a�s�t�i�c�s�.� �E�l�l�i�s�[�1�5�]�,� �T�i�n�g�[�1�6�]�,� �a�n�d� �K�a�m�b�o�u�r�[�1�7�]� �h�a�v�e� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �c�r�i�t�i�c�a�l� �c�o�n�d�i�t�o�n�s� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �d�o�u�b�l�e� �c�a�n�t�i�l�e�v�e�r� �b�e�a�m� �s�p�e�c�i�m�e�n� �(�F�i�g�u�r�e� �1�6�)�.� 

�A� �m�o�d�i�f�i�e�d� �d�o�u�b�l�e� �c�a�n�t�i�l�e�v�e�r� �b�e�a�m� �s�p�e�c�i�m�e�n� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �H�u�n�s�t�o�n� �[�1�8�]� �t�o� �o�b�t�a�i�n� �a� 

�p�l�a�s�t�i�c ��s� �G�,� �f�r�o�m� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t�.� �H�i�n�k�l�e�y�[�1�9�]� �h�a�s� �r�e�p�o�r�t�e�d� �t�h�e� �u�s�e� �o�f� �m�i�n�i�a�t�u�r�e� �c�o�m�p�a�c�t� 

�t�e�n�s�i�o�n� �a�n�d� �t�h�r�e�e� �p�o�i�n�t� �b�e�n�d� �s�p�e�c�i�m�e�n�s�.� �A�n� �O�u�t�w�a�t�e�r� �t�o�r�s�i�o�n� �t�e�s�t� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �C�h�o� �a�n�d� 

�G�e�n�t�[�2�0�]� �i�n� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �G�,�,� �f�o�r� �s�t�i�f�f� �m�a�t�e�r�i�a�l�s� �a�n�d� �a�d�h�e�s�i�v�e� �j�o�i�n�t�s�.� 

�T�h�e� �n�u�m�b�e�r� �o�f� �p�u�b�l�i�c�a�t�i�o�n�s� �r�e�p�o�r�t�i�n�g� �M�o�d�e� �I�I� �o�r� �M�o�d�e� �I�l�l� �f�a�i�l�u�r�e� �i�s� �q�u�i�t�e� �l�i�m�i�t�e�d�.� �R�i�t�c�h�i�e� 

�e�t� �a�l�.�[�2�1�]� �h�a�v�e� �m�e�a�s�u�r�e�d� �M�o�d�e� �i�l�l� �f�a�i�l�u�r�e� �i�n� �m�e�t�a�l�s� �u�s�i�n�g� �a� �t�o�r�s�i�o�n�a�l�l�y� �l�o�a�d�e�d� �n�o�t�c�h�e�d� �b�a�r�.� 

�M�o�d�e� �|�!� �f�a�i�l�u�r�e� �h�a�s� �b�e�e�n� �o�b�t�a�i�n�e�d� �i�n� �p�o�l�y�m�e�t�h�y�!� �m�e�t�h�a�c�r�y�l�a�t�e� �b�y� �u�s�i�n�g� �a�n� �A�r�c�a�n� �s�p�e�c�i�m�e�n�.� 

�B�r�i�n�s�o�n�(�2�2�]� �h�a�s� �s�u�g�g�e�s�t�e�d� �M�o�d�e� �I�I� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �M�o�d�e� �|� �a�n�d� �M�o�d�e� �I�I� �f�a�i�l�u�r�e� �c�a�n� �a�l�s�o� 

�b�e� �a�c�h�i�e�v�e�d� �u�s�i�n�g� �e�i�t�h�e�r� �a�n� �l�o�s�e�p�e�s�c�u�,� �G�r�a�n�t� �o�r� �B�M�C� �s�p�e�c�i�m�e�n� �(�F�i�g�u�r�e� �1�7�)�.� 

�2�.�2�.�7�.�2� �T�h�i�c�k�n�e�s�s� �E�f�f�e�c�t�s� �o�n� �M�o�d�e� �|� �F�r�a�c�t�u�r�e� 

�F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �o�f� �a� �p�l�a�s�t�i�c� �u�n�d�e�r�g�o�i�n�g� �M�o�d�e� �|� �f�a�i�l�u�r�e� �c�a�n� �i�n�c�r�e�a�s�e� �b�y� �a�s� �m�u�c�h� �a�s� 

�a� �f�a�c�t�o�r� �o�f� �3� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �s�a�m�p�l�e� �t�h�i�c�k�n�e�s�s� �(�F�i�g�u�r�e� �1�8�)�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� 

�a� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �p�l�a�n�e� �s�t�r�a�i�n� �f�r�a�c�t�u�r�e� �i�n� �t�h�i�c�k� �s�a�m�p�l�e�s� �t�o� �p�l�a�n�e� �s�t�r�e�s�s� �f�r�a�c�t�u�r�e� �i�n� �t�h�i�n� �s�a�m�p�l�e�s�.� 

�P�l�a�n�e� �s�t�r�e�s�s� �o�c�c�u�r�s� �a�l�o�n�g� �t�h�e� �s�i�d�e�s� �o�f� �a� �s�p�e�c�i�m�e�n� �w�h�e�r�e� �t�h�e� �s�u�r�f�a�c�e�s� �a�r�e� �f�r�e�e� �t�o� �c�o�n�t�r�a�c�t� �o�r� 

�e�x�p�a�n�d�.� �M�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� �i�s� �l�e�s�s� �r�e�s�t�r�i�c�t�e�d� �t�h�a�n� �u�n�d�e�r� �p�l�a�n�e� �s�t�r�a�i�n�,� �t�h�e�r�e�b�y� �g�i�v�i�n�g� �t�h�e� �m�a�-� 

�t�e�r�i�a�l� �g�r�e�a�t�e�r� �d�u�c�t�i�l�i�t�y� �a�n�d� �t�o�u�g�h�n�e�s�s�.� �A�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �t�h�e� 

�f�r�e�e� �s�u�r�f�a�c�e�s� �d�e�c�r�e�a�s�e�s�,� �w�h�i�c�h� �l�o�w�e�r�s� �t�h�e� �m�a�t�e�r�i�a�l ��s� �o�v�e�r�a�l�l� �t�o�u�g�h�n�e�s�s�.� �T�h�e� �s�u�r�f�a�c�e� �e�f�f�e�c�t� 

�b�e�c�o�m�e�s� �n�e�g�l�i�g�i�b�l�e� �a�t� �t�h�e� �t�h�i�c�k�n�e�s�s� �l�a�b�e�l�e�d� �B�.� �T�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �b�e�y�o�n�d� �t�h�i�s� �p�o�i�n�t� 

�i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�i�c�k�n�e�s�s� �a�n�d� �i�s�,� �t�h�e�r�e�f�o�r�e�,� �o�n�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �m�a�t�e�r�i�a�l ��s� �m�e�c�h�a�n�i�c�a�l� �b�e�-� 

�h�a�v�i�o�r�.� �I�t� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �p�l�a�n�e� �s�t�r�a�i�n� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y�,� �d�e�n�o�t�e�d� �b�y� �K�y�.� �T�h�e� �t�h�i�c�k�n�e�s�s� 

�r�e�q�u�i�r�e�d� �t�o� �o�b�t�a�i�n� �t�h�i�s� �p�l�a�n�e� �s�t�r�a�i�n� �c�o�n�d�i�t�i�o�n� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d�,� �t�h�e�o�r�e�t�i�c�a�l�l�y�,� �u�s�i�n�g� �K�;�,� �a�n�d� �t�h�e� 

�m�a�t�e�r�i�a�l ��s� �y�i�e�l�d� �s�t�r�e�s�s�,� 

� � 

�K� 
�B� �>� �2�3�(� �7� �[�2�.�5�4�]� 
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�F�i�g�u�r�e� �1�7�.� �l�o�s�e�p�e�s�c�u�,� �A�r�c�a�n�,� �G�r�a�n�t� �a�n�d� �B�M�C� �s�p�e�c�i�m�e�n�s� �[�2�2�]� 
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�S�p�e�c�i�m�e�n� �t�h�i�c�k�n�e�s�s� 

�F�i�g�u�r�e� �1�8�.� �C�r�i�t�i�c�a�l� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �v�e�r�s�u�s� �s�a�m�p�l�e� �t�h�i�c�k�n�e�s�s� �[�4�]� 

�C�h�a�p�t�e�r� �2� �M�e�c�h�a�n�i�c�s� 
�4�2



�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� 

�T�h�i�s� �c�h�a�p�t�e�r� �r�e�v�i�e�w�s� �t�h�e� �b�a�s�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r�s�.� �T�e�n�s�i�l�e� �a�n�d� �c�r�e�e�p� 

�t�e�s�t�s� �f�o�r� �p�o�l�y�m�e�r�s� �a�r�e� �p�r�e�s�e�n�t�e�d�,� �a�l�o�n�g� �w�i�t�h� �d�i�s�c�u�s�s�i�o�n�s� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�o�p�o�l�o�g�y�,� �m�o�r�p�h�o�l�o�g�y� 

�a�n�d� �t�e�s�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�n� �e�a�c�h� �r�e�g�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r ��s� �r�e�s�p�o�n�s�e�.� �A�l�s�o�,� �t�h�e� �v�a�r�i�o�u�s� �m�o�l�e�c�u�l�a�r� 

�t�h�e�o�r�i�e�s� �d�e�s�c�r�i�b�i�n�g� �m�o�d�u�l�u�s�,� �y�i�e�l�d�i�n�g� �a�n�d� �f�r�a�c�t�u�r�e� �a�r�e� �d�i�s�c�u�s�s�e�d�.� 

�3�.�1� �T�e�n�s�i�l�e� �B�e�h�a�v�i�o�r� �o�f� �P�o�l�y�m�e�r�s� 

�T�h�e� �t�e�n�s�i�l�e� �b�e�h�a�v�i�o�r� �o�f� �p�l�a�s�t�i�c�s� �c�a�n� �g�e�n�e�r�a�l�l�y� �b�e� �c�l�a�s�s�i�f�i�e�d� �a�s� �e�i�t�h�e�r� �r�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e�,� 

�r�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e�,� �o�r� �s�o�f�t� �a�n�d� �d�u�c�t�i�l�e� �(�F�i�g�u�r�e� �1�9�)�.� �F�o�r� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�i�n�g�,� �r�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e� 

�b�e�h�a�v�i�o�r� �i�s� �e�x�h�i�b�i�t�e�d� �b�y� �g�l�a�s�s�y� �t�h�e�r�m�o�s�e�t�s� �s�u�c�h� �a�s� �m�o�s�t� �e�p�o�x�y� �a�n�d� �p�h�e�n�o�l�i�c� �r�e�s�i�n�s�,� �a�n�d� �i�n� 

�b�r�i�t�t�l�e� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �s�u�c�h� �a�s� �p�o�l�y�s�t�y�r�e�n�e� �a�n�d� �p�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e�.� �S�t�r�e�s�s� �i�s� �s�e�e�n� �t�o� �i�n�-� 

�c�r�e�a�s�e� �l�i�n�e�a�r�l�y� �w�i�t�h� �s�t�r�a�i�n� �u�n�t�i�l� �t�h�e� �m�a�t�e�r�i�a�l� �u�n�d�e�r� �g�o�e�s� �b�r�i�t�t�l�e� �f�a�i�l�u�r�e�,� �u�s�u�a�l�l�y� �a�t� �l�e�s�s� �t�h�a�n� �1�0� 

�p�e�r�c�e�n�t� �s�t�r�a�i�n�.� 

�R�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e� �r�e�s�p�o�n�s�e� �i�s� �f�o�u�n�d� �i�n� �t�o�u�g�h�,� �g�l�a�s�s�y� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �s�u�c�h� �a�s� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �p�o�l�y�s�u�l�f�o�n�e� �a�s� �w�e�l�l� �a�s� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �r�u�b�b�e�r�s� �a�s� �p�o�l�y�e�t�h�y�l�e�n�e�.� �T�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �a�l�s�o� �e�x�h�i�b�i�t� �a� �p�r�o�n�o�u�n�c�e�d� �e�l�a�s�t�i�c� �r�e�g�i�o�n� �w�h�e�r�e� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�s� �J�i�n�e�a�r�l�y� �w�i�t�h� �s�t�r�a�i�n�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �4�3
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�S�T�R�A�I�N� 

�F�i�g�u�r�e� �1�9�.� �L�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�v�e�s� �f�o�r� �p�o�l�y�m�e�r�s� �e�x�h�i�b�i�t�i�n�g� �v�a�r�i�o�u�s� �b�e�h�a�v�i�o�r�s�:� �A�,� �r�i�g�i�d� �a�n�d� 
�b�r�i�t�t�l�e�;� �B�,� �r�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e�;� �C�,� �s�o�f�t� �a�n�d� �r�u�b�b�e�r�y�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s



�H�o�w�e�v�e�r� �a�t� �5� �t�o� �1�5� �p�e�r�c�e�n�t� �s�t�r�a�i�n�,� �s�t�r�e�s�s� �g�o�e�s� �t�h�r�o�u�g�h� �a� �l�o�c�a�l�i�z�e�d� �m�a�x�i�m�u�m� �k�n�o�w�n� �a�s� �t�h�e� 

�y�i�e�l�d� �p�o�i�n�t�.� �T�h�i�s� �p�o�i�n�t� �m�a�r�k�s� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� �B�e�y�o�n�d� �t�h�e� 

�y�i�e�l�d� �p�o�i�n�t�,� �t�h�e� �p�o�l�y�m�e�r� �u�n�d�e�r�g�o�e�s� �a� �d�r�a�w�i�n�g� �p�r�o�c�e�s�s� �w�h�i�c�h� �m�a�y� �e�x�t�e�n�d� �t�h�e� �s�a�m�p�l�e� �u�p� �t�o� 

�s�e�v�e�r�a�l� �h�u�n�d�r�e�d� �p�e�r�c�e�n�t� �s�t�r�a�i�n� �b�e�f�o�r�e� �f�a�i�l�u�r�e�.� �Q�u�i�t�e� �o�f�t�e�n� �a� �s�m�a�l�l� �d�e�c�r�e�a�s�e� �i�n� �s�t�r�e�s�s�,� �k�n�o�w�n� 

�a�s� �s�t�r�a�i�n� �s�o�f�t�e�n�i�n�g�,� �t�a�k�e�s� �p�l�a�c�e� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �d�r�a�w�i�n�g� �p�r�o�c�e�s�s�.� �A� �d�r�a�m�a�t�i�c� �i�n�c�r�e�a�s�e� �i�n� 

�s�t�r�e�s�s� �i�s� �a�l�s�o� �u�s�u�a�l�l�y� �s�e�e�n� �b�e�f�o�r�e� �f�a�i�l�u�r�e�.� �T�h�i�s� �p�h�e�n�o�m�e�n�o�n� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �s�t�r�a�i�n� �h�a�r�d�e�n�i�n�g�.� 

�S�o�f�t� �a�n�d� �d�u�c�t�i�l�e� �p�o�l�y�m�e�r�s� �i�n�c�l�u�d�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �e�l�a�s�t�o�m�e�r�s� �a�n�d� �c�r�o�s�s�l�i�n�k�e�d� �r�u�b�b�e�r�s� 

�s�u�c�h� �a�s� �n�a�t�u�r�a�l� �r�u�b�b�e�r�.� �T�h�e�s�e� �p�o�l�y�m�e�r�s� �g�e�n�e�r�a�l�l�y� �d�o� �n�o�t� �e�x�h�i�b�i�t� �a� �w�e�l�l� �d�e�f�i�n�e�d� �e�l�a�s�t�i�c� �r�e�g�i�o�n� 

�o�r� �a� �y�i�e�l�d� �p�o�i�n�t�.� �T�h�e�y� �d�o�,� �h�o�w�e�v�e�r�,� �e�x�h�i�b�i�t� �a� �l�o�n�g� �d�r�a�w�i�n�g� �z�o�n�e� �f�o�l�l�o�w�e�d� �b�y� �a� �r�e�g�i�o�n� �o�f� �s�t�r�a�i�n� 

�h�a�r�d�e�n�i�n�g� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e� �p�o�l�y�m�e�r�s�.� �E�l�o�n�g�a�t�i�o�n� �a�t� �b�r�e�a�k� �c�a�n� �r�a�n�g�e� �f�r�o�m� �3�0� �t�o� 

�s�e�v�e�r�a�l� �t�h�o�u�s�a�n�d� �p�e�r�c�e�n�t� �s�t�r�a�i�n�.� 

�T�h�e� �t�e�n�s�i�l�e� �b�e�h�a�v�i�o�r� �o�f� �a�n�y� �p�o�l�y�m�e�r� �c�a�n� �b�e� �c�h�a�n�g�e�d� �b�y� �a�l�t�e�r�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �s�t�r�a�i�n� 

�r�a�t�e�.� �I�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �s�t�r�a�i�n� �r�a�t�e� �p�r�o�m�o�t�e�s� �d�u�c�t�i�l�e� �a�n�d� �r�u�b�b�e�r�y� �b�e�-� 

�h�a�v�i�o�r� �w�h�e�r�e�a�s� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �i�n�c�r�e�a�s�i�n�g� �s�t�r�a�i�n� �r�a�t�e� �p�r�o�m�o�t�e�s� �r�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e� 

�b�e�h�a�v�i�o�r�.� �A�n� �e�x�a�m�p�l�e� �o�f� �t�h�i�s� �w�o�u�l�d� �b�e� �a�n� �e�p�o�x�y� �r�e�s�i�n� �w�h�i�c�h� �e�x�h�i�b�i�t�s� �r�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e� �b�e�h�a�v�i�o�r� 

�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �b�u�t� �s�o�f�t� �a�n�d� �r�u�b�b�e�r�y� �b�e�h�a�v�i�o�r� �a�b�o�v�e� �2�0�0� �°�C�.� 

�3�.�2� �E�l�a�s�t�i�c� �M�o�d�u�l�u�s� 

�3�.�2�.�1� �T�y�p�i�c�a�l� �M�o�d�u�l�u�s� �V�a�l�u�e�s� 

�T�h�e� �t�e�n�s�i�l�e� �m�o�d�u�l�i� �o�f� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �a�n�d� �t�h�e�r�m�o�s�e�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�.� �T�h�e� 

�p�o�l�y�m�e�r�s� �e�x�h�i�b�i�t�i�n�g� �r�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e�,� �a�n�d� �g�l�a�s�s�y� �r�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e� �b�e�h�a�v�i�o�r� �p�o�s�s�e�s�s� �t�h�e� �h�i�g�h�e�s�t� 

�m�o�d�u�l�i� �f�o�r� �u�n�o�r�i�e�n�t�e�d� �p�o�l�y�m�e�r�s�,� �3�0�0� �t�o� �7�0�0� �k�s�i� �(�2�0�0�0� �t�o� �5�0�0�0� �M�P�a�)�.� �T�h�e� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �l�o�w� 

�m�o�d�u�l�u�s� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �s�u�c�h� �a�s� �p�o�l�y�e�t�h�y�l�e�n�e� �p�o�s�s�e�s�s� �m�o�d�u�l�i� �s�i�g�i�n�i�f�i�c�a�n�t�l�y� �b�e�l�o�w� �t�h�e� �g�l�a�s�s�y� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �4�5



�p�o�l�y�m�e�r�s�,� �5�0� �t�o� �2�0�0� �k�s�i� �(�3�5�0� �t�o� �1�4�0�0� �M�P�a�)�.� �A�m�o�r�p�h�o�u�s� �r�u�b�b�e�r�s� �p�o�s�s�e�s�s� �t�h�e� �l�o�w�e�s�t� �m�o�d�u�l�u�s� 

�v�a�l�u�e�s�,� �0�.�1� �t�o� �1�0� �k�s�i� �(�7� �t�o� �7�0� �M�P�a�)�.� 

�O�r�i�e�n�t�e�d� �f�i�b�e�r�s� �o�f� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �o�r� �l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �s�u�c�h� �a�s� �K�e�v�l�a�r�,� 

�p�o�s�s�e�s�s� �m�o�d�u�l�i� �e�x�c�e�e�d�i�n�g� �5�,�0�0�0� �k�s�i� �(�3�5�,�0�0�0� �M�P�a�)�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �i�s� �c�o�m�p�a�-� 

�r�a�b�l�e� �t�o� �m�e�t�a�l�s� �s�u�c�h� �a�s� �a�l�u�m�i�n�u�m� �a�n�d� �t�i�t�a�n�i�u�m� �a�l�l�o�y�s�.� 

�3�.�2�.�2� �M�o�l�e�c�u�l�a�r� �T�h�e�o�r�i�e�s� 

�A� �n�u�m�b�e�r� �o�f� �r�e�s�e�a�r�c�h�e�r�s�[�2�4�-�2�6�]� �h�a�v�e� �a�s�s�o�c�i�a�t�e�d� �r�i�g�i�d�i�t�y� �o�f� �a� �g�l�a�s�s�y� �p�o�l�y�m�e�r� �t�o� �t�h�e� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �f�o�r�c�e�s� �w�h�i�c�h� �b�o�n�d� �t�h�e� �c�h�a�i�n�s� �t�o�g�e�t�h�e�r�.� �T�h�e�y� �b�e�l�i�e�v�e�,� �t�h�a�t� �i�n�i�t�i�a�l�l�y�,� �i�t� �i�s� �t�h�e�s�e� 

�b�o�n�d�s� �w�h�i�c�h� �c�a�r�r�y� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �l�o�a�d�.� �S�t�a�c�h�u�r�s�k�i�[�2�7�]� �h�a�s� �i�m�p�l�i�e�d� �t�h�a�t� �i�t� �i�s� �t�h�e� �s�t�r�o�n�g�e�s�t� 

�o�f� �t�h�e�s�e� �f�o�r�c�e�s� �w�h�i�c�h� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �m�o�d�u�l�u�s�.� 

�B�o�w�d�e�n�/�[�2�8�]� �h�a�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �f�o�r�c�e�s� �o�n�l�y� �p�a�r�t�i�a�l�l�y� �a�c�c�o�u�n�t� �f�o�r� �r�i�g�i�d�i�t�y�.� 

�H�e� �c�o�n�c�l�u�d�e�d�,� �i�n� �s�t�u�d�y�i�n�g� �p�o�l�y�e�t�h�y�l�e�n�e�,� �t�h�a�t� �p�a�r�t� �o�f� �a� �p�o�l�y�m�e�r ��s� �r�i�g�i�d�i�t�y� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �b�o�n�d� 

�r�o�t�a�t�i�o�n�.� �T�h�i�s�,� �h�e� �b�e�l�i�e�v�e�d�,� �e�x�p�l�a�i�n�e�d� �w�h�y� �m�o�d�u�l�u�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �t�h�e� �d�e�g�r�e�e� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y�.� 

�T�h�e� �h�i�g�h� �p�a�c�k�i�n�g� �d�e�n�s�i�t�y� �o�f� �t�h�e� �c�r�y�s�t�a�l�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �b�o�n�d� �r�o�t�a�t�i�o�n�.� �T�h�i�s� �f�o�r�c�e�d� 

�t�h�e� �c�h�a�i�n�s� �i�n�s�i�d�e� �t�h�e� �c�r�y�s�t�a�l�s� �t�o� �e�x�t�e�n�d� �b�y� �t�h�e� �m�u�c�h� �s�t�i�f�f�e�r� �p�r�o�c�e�s�s�e�s� �o�f� �b�e�n�d�i�n�g� �o�r� �s�t�r�e�t�c�h�i�n�g� 

�o�f� �t�h�e� �c�o�v�a�l�e�n�t� �b�o�n�d�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�i�s� �p�r�o�c�e�s�s� �r�e�q�u�i�r�e�d� �a� �h�i�g�h�e�r� �l�e�v�e�l� �o�f� �s�t�r�e�s�s� �l�e�a�d�i�n�g� �t�o� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�o�d�u�l�u�s�.� �.� 

�T�h�e� �e�x�t�r�e�m�e�l�y� �h�i�g�h� �m�o�d�u�l�i� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�i�g�h�l�y� �o�r�i�e�n�t�e�d� �s�e�m�i�-� �c�r�y�s�t�a�l�l�i�n�e� �f�i�b�e�r�s� �i�s� �a�l�s�o� 

�b�e�l�i�e�v�e�d� �t�o� �b�e� �d�u�e� �t�o� �c�o�v�a�l�e�n�t� �b�o�n�d� �b�e�n�d�i�n�g� �a�n�d� �s�t�r�e�t�c�h�i�n�g�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �a�f�t�e�r� �o�r�i�e�n�-� 

�t�a�t�i�o�n�,� �t�h�e� �s�t�r�e�s�s� �i�s� �c�a�r�r�i�e�d� �p�r�i�m�a�r�i�l�y� �b�y� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e� �i�n�s�t�e�a�d� �o�f� �s�e�c�o�n�d�a�r�y� �b�o�n�d�i�n�g�.� 

�C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �m�o�d�u�l�u�s� �i�s� �i�n�c�r�e�a�s�e�d�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �4�6



�T�a�b�l�e� �1�.� 

�R�i�g�i�d� �a�n�d� �B�r�i�t�t�l�e� 

�E�p�o�x�y� �C�a�s�t�i�n�g� �R�e�s�i�n� 
�P�h�e�n�o�l�i�c� �C�a�s�t�i�n�g� �R�e�s�i�n� 
�P�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e� 
�P�o�l�y�s�t�y�r�e�n�e� 

�R�i�g�i�d� �a�n�d� �D�u�c�t�i�l�e� �(�G�l�a�s�s�y�)� 

�P�o�l�y�c�a�r�b�o�n�a�t�e� 
�P�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e�(�P�E�E�K�)� 
�P�o�l�y�e�t�h�e�r�s�u�l�f�o�n�e� 
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�R�i�g�i�d� �a�n�d� �D�u�c�t�i�l�e� �(�R�u�b�b�e�r�y�)� 

�H�i�g�h� �D�e�n�s�i�t�y� �P�o�l�y�e�t�h�y�l�e�n�e� 
�T�e�f�l�o�n� 

�R�u�b�b�e�r�y� 

�N�a�t�u�r�a�l� �r�u�b�b�e�r�(�G�u�m� �V�u�l�c�a�n�i�z�e�d�)� 
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�P�o�l�y�s�u�l�f�o�n�e�/� 
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�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� 

�T�e�n�s�i�l�e� 
�M�o�d�u�l�u�s� 
�(�p�s�i� �x� �1�0�°�)� 
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�4�0�0�-�7�0�0� 
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�S�u�m�m�a�r�y� �o�f� �t�h�e� �s�t�r�e�s�s� �s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �f�o�r� �v�a�r�i�o�u�s� �p�o�l�y�m�e�r�s� �a�n�d� �m�e�t�a�l�s�.� 

�Y�i�e�l�d� 
�S�t�r�e�s�s� 
�(�p�s�i� �x� �1�0�°�)� 

�1�3�.�2� 
�1�2�.�2� �-� �1�3� 
�1�0�.�2� 
�1�5�.�2� 

�3�.�8� �-� �4�.�8� 

�2�1�-�7�8� 
�1�1�7�-�1�7�5� 

�E�l�o�n�g�a�t�i�o�n� 
�a�t� �B�r�e�a�k� 
�(�%� �s�t�r�a�i�n�)� 

�3�-�6� 
�1�.�5� �-�2�.�0� 
�2�-�1�0� 
�1�.�2�-�2�.�5� 

�1�1�0� 
�3�0�-�1�5�0� 
�6� �-� �8�0� 
�9�0�-�1�0�0� 
�6�0� 
�6�0�-�3�0�0� 

�1�0�-�1�2�0�0� 
�2�0�0�-�4�0�0� 

�1�0�-�2�3� 
�8� �-� �1�6� 
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�3�.�2�.�3� �T�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �S�t�r�u�c�t�u�r�e� �E�f�f�e�c�t�s� 

�T�h�e� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �o�f� �a� �p�o�l�y�m�e�r� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e�r�m�o�d�y�n�a�m�i�c� �v�a�r�i�a�b�l�e�s� �s�u�c�h� �a�s� 

�t�e�m�p�e�r�a�t�u�r�e�,� �a�n�n�e�a�l�l�i�n�g� �t�i�m�e� �a�n�d� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �a�s� �w�e�l�l� �a�s� �s�t�r�u�c�t�u�r�a�l� �v�a�r�i�a�b�l�e�s� �s�u�c�h� 

�a�s� �t�o�p�o�l�o�g�y�,� �m�o�r�p�h�o�l�o�g�y� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� 

�T�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �o�n� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �t�y�p�i�c�a�l� �t�h�e�r�m�o�p�l�a�s�t�i�c� �c�a�n� �b�e� 

�d�i�v�i�d�e�d� �i�n�t�o� �f�o�u�r� �r�e�g�i�o�n�s�;� �g�l�a�s�s�y�,� �l�e�a�t�h�e�r�y�,� �r�u�b�b�e�r�y�,� �a�n�d� �f�l�o�w� �(�F�i�g�u�r�e� �2�0�a�)�.� �F�o�r� �t�h�e� �r�e�g�i�o�n� �o�f� 

�g�l�a�s�s�y� �r�e�s�p�o�n�s�e�,� �T�<�T�g�,� �m�o�d�u�l�u�s� �d�e�c�r�e�a�s�e�s� �s�l�o�w�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �A�s� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �n�e�a�r�s� �T�g�,� �t�h�e� �p�o�l�y�m�e�r� �b�e�c�o�m�e�s� �l�e�a�t�h�e�r�y� �o�v�e�r� �a� �n�a�r�r�o�w� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �a�s� 

�l�i�t�t�l�e� �a�s� �1�0� �°�C�.� �M�o�d�u�l�u�s�,� �d�u�r�i�n�g� �t�h�i�s� �r�a�n�g�e�,� �c�a�n� �d�r�o�p� �b�y� �s�e�v�e�r�a�l� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�.� �A�b�o�v�e� 

�T�g�,� �t�h�e� �p�o�l�y�m�e�r� �t�r�a�n�s�f�o�r�m�s� �i�n�t�o� �a� �r�u�b�b�e�r�.� �T�h�e� �m�o�d�u�l�u�s� �b�e�c�o�m�e�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� 

�o�v�e�r� �a� �s�o�m�e�t�i�m�e�s� �b�r�o�a�d� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �r�u�b�b�e�r�y� �p�l�a�t�e�a�u�.� �B�e�y�o�n�d� �t�h�e� 

�r�u�b�b�e�r�y� �p�l�a�t�e�a�u�,� �t�h�e� �p�o�l�y�m�e�r� �b�e�g�i�n�s� �t�o� �f�l�o�w� �c�a�u�s�i�n�g� �a� �f�u�r�t�h�e�r� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �m�o�d�u�l�u�s�.� 

�G�l�a�s�s�y� �m�o�d�u�l�u�s�,� �a�s� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e�,� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�-� 

�l�a�r� �f�o�r�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �c�h�a�i�n�s�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�p�a�c�i�n�g� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s�.� 

�V�a�r�i�a�b�l�e�s� �w�h�i�c�h� �d�e�c�r�e�a�s�e� �t�h�e� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �m�o�l�e�c�u�l�e�s�,� �s�u�c�h� �a�s� �a�n�n�e�a�l�i�n�g� �[�3�1�]� �o�r� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n� �o�f� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �[�3�2�]�,� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �m�o�d�u�l�u�s�.� �S�t�r�u�c�t�u�r�a�l� 

�v�a�r�i�a�b�l�e�s� �s�u�c�h� �a�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �a�r�e� 

�n�o�t� �b�e�l�i�e�v�e�d� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t� �m�o�l�e�c�u�l�a�r� �p�a�c�k�i�n�g� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�o� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t� 

�m�o�d�u�l�u�s� �[�3�1�]�.� 

�T�h�e� �s�t�r�u�c�t�u�r�a�l� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�o�p�o�l�o�g�y�,� �m�o�r�p�h�o�l�o�g�y� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �h�o�w�e�v�e�r�,� �d�o� 

�n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �e�f�f�e�c�t� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �r�u�b�b�e�r�y� �m�o�d�u�l�u�s�,� �(�F�i�g�u�r�e� �2�0�b�-�d�)�.� �C�h�a�n�g�e�s� �w�h�i�c�h� 

�r�e�s�t�r�i�c�t� �c�h�a�i�n� �m�o�t�i�o�n�,� �s�u�c�h� �a�s� �i�n�c�r�e�a�s�i�n�g� �c�r�y�s�t�a�l�l�i�n�i�t�y�,� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �o�r� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y�,� 

�i�n�c�r�e�a�s�e� �t�h�e� �r�u�b�b�e�r�y� �m�o�d�u�l�u�s�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �t�h�e� �p�l�a�t�e�a�u� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �p�o�l�y�m�e�r ��s� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y� 

�a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �S�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�s� �e�x�h�i�b�i�t� �a� �s�h�a�r�p� �d�e�c�r�e�a�s�e� �i�n� �m�o�d�u�l�u�s� �a�t� �t�h�e�i�r� 

�m�e�l�t�i�n�g� �t�r�a�n�s�i�t�i�o�n�s�[�3�3�]�.� �O�f�t�e�n�,� �t�h�i�s� �i�s� �p�r�e�c�e�d�e�d� �b�y� �a� �s�l�o�w� �d�e�c�r�e�a�s�e� �i�n� �m�o�d�u�l�u�s� �d�u�e� �t�o� �t�h�e� 

�m�e�l�t�i�n�g� �o�f� �i�m�p�e�r�f�e�c�t� �c�r�y�s�t�a�l�l�i�t�e�s�.� �A�m�o�r�p�h�o�u�s� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �m�a�i�n�t�a�i�n� �m�e�c�h�a�n�i�c�a�l� �i�n�t�e�g�r�i�t�y� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �4�8
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�P�e�e�t� �s�a�n�e� �e�c�)� 

�F�i�g�u�r�e� �2�0�.� �E�f�f�e�c�t� �o�f� �a�j�t�e�m�p�e�r�a�t�u�r�e� �b�)� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y�;� �c�)� �c�r�y�s�t�a�l�l�i�n�i�t�y�;� �a�n�d� �d�)� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 
�o�n� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �b�e�h�a�v�i�o�r� �[�3�3�,�3�4�]� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �4�9



�a�b�o�v�e� �T�g� �d�u�e� �t�o� �t�h�e� �e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �t�h�e�i�r� �c�h�a�i�n�s�.� �A�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�s�,� �t�h�e� 

�e�n�t�a�n�g�l�e�m�e�n�t�s� �d�i�s�e�n�t�a�n�g�l�e� �a�n�d� �t�h�e� �i�n�t�e�g�r�i�t�y� �i�s� �l�o�s�t�,� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �m�o�d�u�l�u�s� �a�n�d� �p�r�o�d�u�c�i�n�g� 

�f�l�o�w�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �e�n�t�a�n�g�l�e�m�e�n�t� �d�e�n�s�i�t�y� �d�u�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �i�n�-� 

�c�r�e�a�s�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �t�h�e� �p�l�a�t�e�a�u� �a�n�d� �d�e�c�r�e�a�s�e�s� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �m�o�d�u�l�u�s� �d�e�-� 

�c�r�e�a�s�e�s�.� �A� �p�o�l�y�m�e�r� �w�h�o�s�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�s� �l�o�w�,� �w�i�l�l� �n�o�t� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �n�u�m�b�e�r� �o�f� 

�e�n�t�a�n�g�l�e�m�e�n�t�s� �a�n�d� �t�h�e�r�e�f�o�r�e�,� �d�i�s�p�l�a�y� �n�o� �r�u�b�b�e�r�y� �p�l�a�t�e�a�u�.� �T�h�e�r�m�o�s�e�t�s� �d�o� �n�o�t� �m�e�l�t� �o�r� �u�n�d�e�r�g�o� 

�d�i�s�e�n�t�a�n�g�l�e�m�e�n�t�.� �H�o�w�e�v�e�r�,� �m�o�d�u�l�u�s� �c�a�n� �d�e�c�r�e�a�s�e� �d�u�e� �t�o� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r�i�c� 

�c�h�a�i�n�s�.� 

�3�.�2�.�4� �T�i�m�e� �E�f�f�e�c�t� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�i�m�e� �o�n� �m�o�d�u�l�u�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �t�h�r�o�u�g�h� �a� �c�r�e�e�p� �e�x�p�e�r�i�m�e�n�t�.� �T�h�i�s� �t�e�s�t� �i�s� 

�i�n�i�t�i�a�t�e�d� �b�y� �q�u�i�c�k�l�y� �a�p�p�l�y�i�n�g� �a� �t�e�n�s�i�l�e� �l�o�a�d� �t�o� �a� �s�a�m�p�l�e�.� �T�h�e� �l�o�a�d� �t�y�p�i�c�a�l�l�y� �d�o�e�s� �n�o�t� �e�x�c�e�e�d� 

�t�h�e� �e�l�a�s�t�i�c� �l�i�m�i�t� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�e� �p�o�l�y�m�e�r� �e�l�o�n�g�a�t�e�s� �t�o� �a� �s�t�r�a�i�n� �e�q�u�a�l� �t�o� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� 

�d�i�v�i�d�e�d� �b�y� �t�h�e� �m�o�d�u�l�u�s�.� �A�s� �t�h�e� �l�o�a�d� �i�s� �h�e�l�d� �c�o�n�s�t�a�n�t�,� �t�h�e� �m�a�t�e�r�i�a�l� �s�l�o�w�l�y� �e�l�o�n�g�a�t�e�s� �o�v�e�r� �t�i�m�e�.� 

�T�h�i�s� �b�e�h�a�v�i�o�r� �i�s� �k�n�o�w�n� �a�s� �c�r�e�e�p�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �a� �c�r�e�e�p� �t�e�s�t� �i�s� �t�y�p�i�c�a�l�l�y� �d�i�s�p�l�a�y�e�d� �a�s� �e�l�o�n�g�a�t�i�o�n� �(�a�p�p�l�i�e�d� �s�t�r�e�s�s� �d�i�v�i�d�e�d� �b�y� 

�m�o�d�u�l�u�s�)�,� �v�e�r�s�u�s� �t�i�m�e�.� �F�i�g�u�r�e� �2�1� �s�h�o�w�s� �t�h�e� �c�r�e�e�p� �b�e�h�a�v�i�o�r� �f�o�r� �a� �g�l�a�s�s�y� �t�h�e�r�m�o�s�e�t� �a�n�d� 

�t�h�e�r�m�o�p�l�a�s�t�i�c�.� �F�o�r� �t�h�e� �s�a�k�e� �o�f� �s�i�m�p�l�i�c�i�t�y�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �b�o�t�h� �p�o�l�y�m�e�r�s� �p�o�s�s�e�s�s� �i�d�e�n�t�i�c�a�l� 

�b�a�c�k�b�o�n�e� �s�t�r�u�c�t�u�r�e�s� �a�n�d� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�.� �E�a�c�h� �c�u�r�v�e� �m�i�r�r�o�r�s� �i�t�s� �a�s�s�o�c�i�a�t�e�d� 

�m�o�d�u�l�u�s� �r�e�s�p�o�n�s�e� �t�o� �t�e�m�p�e�r�a�t�u�r�e�,� �w�i�t�h� �e�x�t�e�n�s�i�o�n� �b�e�i�n�g� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �s�t�a�g�e�s�.� 

�T�h�e� �f�i�r�s�t� �s�t�a�g�e� �i�s� �t�h�e� �e�l�a�s�t�i�c� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�e� �g�l�a�s�s�y� �m�a�t�e�r�i�a�l�.� �T�h�e� �s�e�c�o�n�d� �s�t�a�g�e� �i�s� 

�v�i�s�c�o�e�l�a�s�t�i�c� �e�x�t�e�n�s�i�o�n� �a�n�d� �o�c�c�u�r�s� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �f�r�o�m� �a� �g�l�a�s�s� 

�t�o� �a� �r�u�b�b�e�r�.� �T�h�e� �t�h�i�r�d� �s�t�a�g�e� �i�n�v�o�l�v�e�s� �f�l�o�w� �a�n�d�/�o�r� �p�e�r�m�a�n�e�n�t� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� 

�T�h�e� �l�a�s�t� �s�t�a�g�e� �i�s� �g�e�n�e�r�a�l�l�y� �n�o�t� �s�e�e�n� �i�n� �a� �t�h�e�r�m�o�s�e�t�.� �I�n� �a� �t�h�e�r�m�o�p�l�a�s�t�i�c� �h�o�w�e�v�e�r�,� �f�l�o�w� 

�a�l�w�a�y�s� �o�c�c�u�r�s� �a�n�d� �e�v�e�n�t�u�a�l�l�y� �l�e�a�d�s� �t�o� �t�h�e� �c�r�i�t�i�c�a�l� �f�a�i�l�u�r�e� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� �T�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� 

�t�h�e� �l�o�g� �o�f� �t�h�e� �e�x�t�e�n�s�i�o�n� �i�n�c�r�e�a�s�e�s� �d�u�r�i�n�g� �f�l�o�w� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �c�h�a�n�g�e� �i�n� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �5�0



�l�o�g� �t�i�m�e�.� �L�i�g�h�t�l�y� �c�r�o�s�s�l�i�n�k�e�d� �t�h�e�r�m�o�s�e�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �t�h�i�s� �t�h�i�r�d� �e�x�t�e�n�s�i�o�n� �s�t�a�g�e�.� 

�N�i�e�l�s�e�n� �(�3�5�]� �h�a�s� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �s�t�a�g�e� �o�f� �e�x�t�e�n�s�i�o�n� �i�n� �l�i�g�h�t�l�y� �c�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�b�u�t�a�d�i�e�n�e�s� �t�o� �t�h�e� 

�s�l�o�w� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �t�r�a�p�p�e�d� �d�a�n�g�l�i�n�g� �e�n�d�s�.� �T�h�e� �t�h�r�e�e� �s�t�a�g�e�s� �o�f� �e�x�t�e�n�s�i�o�n� �a�r�e� �d�i�v�i�d�e�d� 

�b�y� �t�w�o� �r�e�g�i�o�n�s� �o�f� �c�o�n�s�t�a�n�t� �e�x�t�e�n�s�i�o�n� �w�h�i�c�h� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �t�o� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �c�o�n�s�t�a�n�t� �g�l�a�s�s�y� 

�m�o�d�u�l�u�s� �a�n�d� �t�h�e� �r�u�b�b�e�r�y� �p�l�a�t�e�a�u� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�T�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �s�t�r�u�c�t�u�r�a�l� �e�f�f�e�c�t�s� �w�h�i�c�h� �w�o�u�l�d� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�d�u�c�e� �a� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �o�r� �f�l�o�w�,� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �a�m�o�u�n�t� �o�f� �t�i�m�e� 

�r�e�q�u�i�r�e�d� �t�o� �p�r�o�d�u�c�e� �s�t�a�g�e� �t�w�o� �a�n�d� �t�h�r�e�e� �o�f� �c�r�e�e�p� �e�x�t�e�n�s�i�o�n�.� �W�h�e�n� �t�h�e� �s�t�r�e�s�s� �i�s� �r�e�m�o�v�e�d�,� �t�h�e� 

�m�a�t�e�r�i�a�l� �s�l�o�w�l�y� �a�t�t�e�m�p�t�s� �t�o� �r�e�v�e�r�t� �b�a�c�k� �t�o� �i�t�s� �o�r�i�g�i�n�a�l� �d�i�m�e�n�s�i�o�n�s�.� �T�h�e� �l�o�s�s� �o�f� �c�r�e�e�p� �s�t�r�a�i�n� 

�d�u�r�i�n�g� �t�h�i�s� �p�r�o�c�e�s�s� �i�s� �d�e�f�i�n�e�d� �a�s� �r�e�c�o�v�e�r�y�.� �F�i�g�u�r�e� �2�2� �d�i�s�p�l�a�y�s� �t�h�e� �c�r�e�e�p� �r�e�c�o�v�e�r�y� �f�o�r� �a� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �a�n�d� �a� �t�h�e�r�m�o�s�e�t�.� �I�n�i�t�i�a�l�l�y�,� �p�o�l�y�m�e�r�s� �d�i�s�p�l�a�y� �a� �s�h�a�r�p� �b�u�t� �s�m�a�l�l� �r�e�d�u�c�t�i�o�n� �i�n� 

�s�t�r�a�i�n� �a�s� �t�h�e� �m�a�t�e�r�i�a�l� �r�e�c�o�v�e�r�s� �t�h�e� �e�l�a�s�t�i�c� �p�o�r�t�i�o�n� �o�f� �c�r�e�e�p�.� �A�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �T�g�,� �t�h�i�s� 

�d�e�c�r�e�a�s�e� �m�a�y� �b�e� �o�b�s�c�u�r�e�d� �b�y� �v�i�s�c�o�e�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� �T�h�i�s� �i�n�i�t�i�a�l� �d�e�c�r�e�a�s�e� �i�s� �f�o�l�l�o�w�e�d� �b�y� 

�a� �s�l�o�w�e�r� �r�e�c�o�v�e�r�y�,� �s�i�m�i�l�a�r� �b�u�t� �o�p�p�o�s�i�t�e� �t�o� �t�h�e� �c�r�e�e�p� �e�x�t�e�n�s�i�o�n�.� �A�t� �i�n�f�i�n�i�t�e� �t�i�m�e�,� �t�h�e�r�m�o�s�e�t�s� 

�d�i�s�p�l�a�y� �c�o�m�p�l�e�t�e� �r�e�c�o�v�e�r�y� �w�h�i�l�e� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �p�o�s�s�e�s�s� �a� �p�e�r�m�a�n�e�n�t� �e�l�o�n�g�a�t�i�o�n�.� �T�h�i�s� �p�e�r�-� 

�m�a�n�e�n�t� �d�e�f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �c�h�a�i�n� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t� �w�h�i�c�h� �o�c�c�u�r�s� �d�u�r�i�n�g� �t�h�e� �f�l�o�w� 

�s�t�a�g�e� �o�f� �c�r�e�e�p� �e�x�t�e�n�s�i�o�n�.� 

�3�.�3� �Y�i�e�l�d�i�n�g� 

�T�h�e� �t�e�r�m� �y�i�e�l�d�i�n�g�,� �w�h�e�n� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �a� �m�a�t�e�r�i�a�l�,� �r�e�f�e�r�s� 

�t�o� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �p�l�a�s�t�i�c� �o�r� �p�l�a�s�t�i�c�-�l�i�k�e� �d�e�f�o�r�m�a�t�i�o�n�.� �F�o�r� �t�h�e� �c�a�s�e� �o�f� �a�n� �i�d�e�a�l� �e�l�a�s�t�i�c� �p�l�a�s�t�i�c� 

�m�a�t�e�r�i�a�l�,� �a�s� �w�a�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�,� �y�i�e�l�d�i�n�g� �r�e�f�e�r�s� �t�o� �p�e�r�m�a�n�e�n�t� �p�l�a�s�t�i�c� �d�e�-� 

�f�o�r�m�a�t�i�o�n�.� �P�l�a�s�t�i�c�s� �h�o�w�e�v�e�r� �d�o� �n�o�t� �b�e�h�a�v�e� �a�s� �i�d�e�a�l� �e�l�a�s�t�i�c� �p�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�s�.� �A� �p�l�a�s�t�i�c ��s� �r�e�-� 

�s�p�o�n�s�e� �a�n�d� �r�e�c�o�v�e�r�y� �f�r�o�m� �a�n� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �i�s� �o�f�t�e�n� �t�i�m�e� �d�e�p�e�n�d�e�n�t�.� �D�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �i�s� 

�i�n�i�t�i�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �p�l�a�s�t�i�c�,� �c�a�n� �o�f�t�e�n� �b�e� �r�e�c�o�v�e�r�e�d� �a�f�t�e�r� �e�x�t�e�n�d�e�d� �p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� �S�i�n�c�e� 
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�d�e�f�o�r�m�a�t�i�o�n�,� �t�h�e� �t�e�r�m� �y�i�e�l�d�i�n�g� �u�s�u�a�l�l�y� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �e�i�t�h�e�r�.� 

�3�.�3�.�1� �Y�i�e�l�d� �S�t�r�e�s�s� 

�T�h�e� �y�i�e�l�d� �p�o�i�n�t� �m�a�r�k�s� �t�h�e� �l�o�c�a�t�i�o�n� �o�n� �a� �s�t�r�e�s�s� �s�t�r�a�i�n� �c�u�r�v�e� �w�h�e�r�e� �y�i�e�l�d�i�n�g� �i�n�i�t�i�a�t�e�s�.� �F�o�r� 

�t�h�e� �c�a�s�e� �o�f� �t�h�e� �i�d�e�a�l� �e�l�a�s�t�i�c� �p�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�,� �t�h�e� �y�i�e�l�d� �p�o�i�n�t� �o�c�c�u�r�r�e�d� �a�t� �t�h�e� �p�r�o�n�o�u�n�c�e�d� �t�r�a�n�-� 

�s�i�t�i�o�n� �b�e�t�w�e�e�n� �e�l�a�s�t�i�c� �a�n�d� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� �F�o�r� �a�n� �a�c�t�u�a�l� �p�o�l�y�m�e�r�,� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� 

�e�l�a�s�t�i�c� �t�o� �p�l�a�s�t�i�c�-�l�i�k�e� �b�e�h�a�v�i�o�r� �i�s� �f�a�r� �m�o�r�e� �g�r�a�d�u�a�l�,� �t�h�e�r�e�b�y� �m�a�k�i�n�g� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �p�i�n�p�o�i�n�t� �i�t�s� 

�e�x�a�c�t� �p�o�s�i�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� �p�o�i�n�t� �o�f� �r�e�f�e�r�e�n�c�e� �s�o� �a�s� �t�o� �c�o�m�p�a�r�e� �t�h�e� �y�i�e�l�d� 

�s�t�r�e�s�s� �o�f� �v�a�r�i�o�u�s� �p�o�l�y�m�e�r�s�,� �m�o�s�t� �m�a�t�e�r�i�a�l� �s�c�i�e�n�t�i�s�t� �d�e�f�i�n�e� �t�h�e� �l�o�c�a�l� �s�t�r�e�s�s� �m�a�x�i�m�u�m� �f�o�l�l�o�w�i�n�g� 

�t�h�e� �m�a�t�e�r�i�a�l ��s� �e�l�a�s�t�i�c� �r�e�s�p�o�n�s�e� �a�s� �t�h�e� �y�i�e�l�d� �p�o�i�n�t� �(�F�i�g�u�r�e� �1�9�)�.� 

�Y�i�e�l�d� �s�t�r�e�s�s� �f�o�r� �a� �g�l�a�s�s�y� �r�i�g�i�d� �a�n�d� �d�u�c�t�i�l�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �u�s�u�a�l�l�y� �f�a�l�l�s� �i�n� �t�h�e� �r�a�n�g�e� �f�r�o�m� 

�8�,�0�0�0� �t�o� �1�5�,�0�0�0� �p�s�i�.� �R�u�b�b�e�r�y� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �p�o�s�s�e�s�s� �y�i�e�l�d� �s�t�r�e�s�s�e�s� �b�e�l�o�w� �t�h�i�s� �r�a�n�g�e�.� �R�i�g�i�d� 

�a�n�d� �b�r�i�t�t�l�e� �p�o�l�y�m�e�r�s� �a�s� �w�e�l�l� �a�s� �r�u�b�b�e�r�y� �t�h�e�r�m�o�s�e�t�s� �d�o� �n�o�t� �e�x�h�i�b�i�t� �a� �y�i�e�l�d� �p�o�i�n�t�.� 

�3�.�3�.�2� �V�i�s�c�o�e�l�a�s�t�i�c� �a�n�d� �S�t�r�u�c�t�u�r�a�l� �E�f�f�e�c�t�s� 

�Y�i�e�l�d� �s�t�r�e�s�s� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �c�h�a�i�n� �m�o�b�i�l�i�t�y�.� �I�n�c�r�e�a�s�e�s� �i�n� �s�t�r�a�i�n� 

�r�a�t�e�,� �p�r�e�s�s�u�r�e� �o�r� �a�n�n�e�a�l�i�n�g� �h�a�v�e� �a�l�l� �b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� �y�i�e�l�d� �s�t�r�e�s�s�.� �R�a�b�i�n�o�w�i�t�z� �a�n�d� �h�i�s� 

�c�o�w�o�r�k�e�r�s�[�3�6�]� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �y�i�e�l�d� �s�t�r�e�s�s� �f�o�r� �p�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e� �i�n�c�r�e�a�s�e�s� �p�r�o�p�o�r�-� 

�t�i�o�n�a�l�l�y� �w�i�t�h� �p�r�e�s�s�u�r�e� 

�T�H�T� �+� �a�p� �[�3�.�1�]� 

�y�i�e�l�d� �s�t�r�e�s�s� �a�t� �h�i�g�h� �p�r�e�s�s�u�r�e� �4� �i�l� 

�T�o� �y�i�e�l�d� �s�t�r�e�s�s� �a�t� �a�t�o�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e� 

�p� �=� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �5�4



�«� �=� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t� 

�T�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� �f�r�o�m� �3�3� �x� �1�0�°� �N�/�m�?� �a�t� �a� �a�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e� �t�o� 

�6�0� �x� �1�0�8� �N�/�m�?� �a�t� �4�5�0� �M�P�a�[�3�2�]�.� 

�H�o�w�e�v�e�r�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �d�e�c�r�e�a�s�e�s� �y�i�e�l�d� �s�t�r�e�s�s�.� �L�e�f�e�b�v�r�e�[�3�9�]� �h�a�s� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �o�f� �p�o�l�y�m�e�t�h�y�i�m�e�t�h�a�c�r�y�l�a�t�e� �d�e�c�r�e�a�s�e�s� �f�r�o�m� �4�0�0� �M�P�a� �t�o� �5�0� �M�P�a� �a�s� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�i�s�e�d� �f�r�o�m� �-�1�0�0� �°�C� �t�o� �5�0� �°�C�.� 

�C�h�a�n�g�e�s� �i�n� �y�i�e�l�d� �s�t�r�e�s�s� �w�i�t�h� �p�r�e�s�s�u�r�e�[�4�0�]� �o�r� �t�e�m�p�e�r�a�t�u�r�e�[�4�1�]� �h�a�v�e� �a�l�s�o� �b�e�e�n� �s�h�o�w�n� �t�o� 

�b�e� �p�r�o�p�o�r�t�i�o�n�a�l�!� �t�o� �c�h�a�n�g�e�s� �i�n� �t�h�e� �s�h�e�a�r� �m�o�d�u�l�u�s� �o�f� �t�h�e� �p�o�l�y�m�e�r�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �a� �c�o�r�r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �s�h�e�a�r� �r�e�s�i�s�t�a�n�c�e� �a�n�d� �y�i�e�l�d�i�n�g�.� �I�n�c�r�e�a�s�i�n�g� �c�r�y�s�t�a�l�l�i�n�i�t�y� �o�r� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �a�l�s�o� �i�n�-� 

�c�r�e�a�s�e�s� �y�i�e�l�d� �s�t�r�e�s�s�,� �t�o� �a� �p�o�i�n�t� �w�h�e�r�e� �a�t� �h�i�g�h� �l�e�v�e�l�s� �o�f� �e�i�t�h�e�r�,� �y�i�e�l�d�i�n�g� �i�s� �n�o�t� �s�e�e�n� �f�o�r� �e�i�t�h�e�r� 

�g�l�a�s�s�y� �o�r� �r�u�b�b�e�r�y� �s�y�s�t�e�m�s�.� �I�n�c�r�e�a�s�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �h�a�s� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d�[�4�2�,�4�3�]� �t�o� �i�n�-� 

�c�r�e�a�s�e� �y�i�e�l�d� �s�t�r�e�s�s�.� �T�h�i�s� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t�s�.� �I�t� �i�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �d�u�r�i�n�g� �f�a�s�t� �d�e�f�o�r�m�a�t�i�o�n�,� �e�n�t�a�n�g�l�e�m�e�n�t�s� �c�a�n� �r�e�s�t�r�i�c�t� �c�h�a�i�n� �m�o�b�i�l�i�t�y�,� �s�i�m�i�l�a�r� �t�o� 

�c�r�o�s�s�l�i�n�k�i�n�g�.� �H�o�w�e�v�e�r�,� �e�n�t�a�n�g�l�e�m�e�n�t�s� �a�r�e� �o�f�t�e�n� �c�o�n�s�i�d�e�r�e�d� �n�e�c�e�s�s�a�r�y� �f�o�r� �y�i�e�l�d�i�n�g� �t�o� �o�c�c�u�r�.� 

�S�e�v�e�r�a�l� �s�c�i�e�n�t�i�s�t�s�(�4�4�,�4�5�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �l�e�s�s� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �c�h�a�i�n� 

�e�n�t�a�n�g�l�e�m�e�n�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �M�e�,� �y�i�e�l�d�i�n�g� �i�s� �n�o�t� �o�b�s�e�r�v�e�d�.� 

�3�.�3�.�3� �Y�i�e�l�d�i�n�g� �T�h�e�o�r�i�e�s� 

�A� �n�u�m�b�e�r� �o�f� �t�h�e�o�r�i�e�s� �h�a�v�e� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �o�v�e�r� �t�h�e� �p�a�s�t� �5�0� �y�e�a�r�s� �a�t�t�e�m�p�t�i�n�g� �t�o� �d�e�s�c�r�i�b�e� 

�a�n�d� �p�r�e�d�i�c�t� �y�i�e�l�d�i�n�g� �i�n� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s�.� �Y�i�e�l�d�i�n�g�,� �a�s� �u�s�u�a�l�l�y� �i�m�p�l�i�e�d� �b�y� �t�h�e�s�e� �t�h�e�o�r�i�e�s�,� 

�e�n�c�o�m�p�a�s�s�e�s� �b�o�t�h� �v�i�s�c�o�e�l�a�s�t�i�c� �a�n�d� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� �C�u�r�r�e�n�t�l�y�,� �n�o� �o�n�e� �t�h�e�o�r�y� �h�a�s� �f�o�u�n�d� 

�w�i�d�e�s�q�r�e�a�d� �a�c�c�e�p�t�a�n�c�e�.� �T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �r�e�v�i�e�w� �a� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �t�h�e�o�r�i�e�s� �a�n�d� �a�t�t�e�m�p�t� �t�o� 

�p�o�i�n�t� �o�u�t� �t�h�e�i�r� �s�i�m�i�l�a�r�i�t�i�e�s� �a�n�d� �d�i�s�c�r�e�p�a�n�c�i�e�s�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �5�5



�3�.�3�.�3�.�1� �A�c�t�i�v�a�t�e�d� �Y�i�e�l�d�i�n�g� 

�T�h�e� �f�i�r�s�t� �m�a�j�o�r� �w�o�r�k� �o�n� �p�l�a�s�t�i�c�i�t�y� �w�a�s� �p�u�b�l�i�s�h�e�d� �b�y� �E�y�r�i�n�g� �i�n� �1�9�3�6�[�4�6�]�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� 

�t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �f�o�r� �a� �g�l�a�s�s� �w�a�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �s�h�e�a�r� 

�d�e�f�o�r�m�a�t�i�o�n� �f�o�r� �a� �v�i�s�c�o�u�s� �l�i�q�u�i�d�.� �E�y�r�i�n�g� �p�i�c�t�u�r�e�d� �a� �m�a�t�e�r�i�a�l� �a�s� �b�e�i�n�g� �m�a�d�e� �u�p� �o�f� �a� �s�e�r�i�e�s� �o�f� 

�p�l�a�n�e�s� �s�t�a�c�k�e�d� �o�n� �t�o�p� �o�f� �o�n�e� �a�n�o�t�h�e�r�.� �E�a�c�h� �p�l�a�n�e� �c�o�n�t�a�i�n�e�d� �a� �n�u�m�b�e�r� �o�f� �l�o�w� �e�n�e�r�g�y� �p�o�s�i�t�i�o�n�s� 

�w�h�i�c�h� �w�e�r�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �o�n�e� �a�n�o�t�h�e�r� �b�y� �h�i�g�h� �e�n�e�r�g�y� �b�a�r�r�i�e�r�s� �c�a�u�s�e�d� �b�y� �t�h�e� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� 

�o�f� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �a�d�j�a�c�e�n�t� �p�l�a�n�e�s�.� �U�p�o�n� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�h�e�a�r� �s�t�r�e�s�s�,� �t�h�e� �p�l�a�n�e�s� �a�r�e� �s�h�i�f�t�e�d� 

�r�e�l�a�t�i�v�e� �t�o� �o�n�e� �a�n�o�t�h�e�r� �c�a�u�s�i�n�g� �t�h�e� �m�o�l�e�c�u�l�e�s� �t�o� �j�u�m�p� �o�v�e�r� �t�h�e� �b�a�r�r�i�e�r�s� �t�o� �a�d�j�a�c�e�n�t� �e�n�e�r�g�y� 

�w�e�l�l� �p�o�s�i�t�i�o�n�s�.� �T�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�e� �e�n�e�r�g�y� �b�a�r�i�e�r�s� �c�o�u�l�d� �b�e� �o�v�e�r�c�o�m�e� �w�o�u�l�d� �i�n�c�r�e�a�s�e� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �s�t�r�e�s�s�.� 

�E�y�r�i�n�g� �e�x�t�e�n�d�e�d� �t�h�i�s� �w�o�r�k� �i�n� �1�9�4�5�[�4�7�]� �t�o� �d�e�s�c�r�i�b�e� �c�r�e�e�p� �a�n�d� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n�s� �o�f� 

�t�h�e�r�m�a�l�l�y� �a�c�t�i�v�a�t�e�d� �p�r�o�c�e�s�s�e�s�.� �H�e� �a�s�s�u�m�e�d� �t�h�e�s�e� �v�i�s�c�o�e�l�a�s�t�i�c� �p�h�e�n�o�m�e�n�a� �w�e�r�e� �c�a�u�s�e�d� �b�y� 

�e�i�t�h�e�r� �i�n�t�e�r� �o�r� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� �c�h�a�n�g�e�s� �i�n� �o�r� �b�e�t�w�e�e�n� �t�h�e� �p�o�l�y�m�e�r�i�c� �c�h�a�i�n�s�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� 

�t�h�e�s�e� �c�h�a�n�g�e�s� �w�a�s� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �a�n�d� �c�o�u�l�d� �t�h�e�r�e�f�o�r�e� �b�e� �d�e�s�c�r�i�b�e�d� �b�y� �a�n� �A�r�r�h�e�n�i�u�s� 

�t�y�p�e� �e�q�u�a�t�i�o�n�.� 
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�A�G� �=� �c�h�a�n�g�e� �i�n� �f�r�e�e� �e�n�e�r�g�y� 
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�T�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �c�o�u�l�d� �a�l�t�e�r� �t�h�e� �c�h�a�n�g�e� �i�n� �e�n�t�h�a�l�p�y� �b�e�t�w�e�e�n� �t�w�o� �p�o�s�i�t�i�o�n�s� �t�o� �f�a�v�o�r� �t�h�e� �p�o�-� 

�s�i�t�i�o�n� �w�h�i�c�h� �p�r�o�m�o�t�e�d� �f�l�o�w� �i�n� �t�h�e� �s�h�e�a�r� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�i�s� �c�h�a�n�g�e� �w�a�s� �e�q�u�a�l� �t�o� 

�t�h�e� �r�a�t�e� �o�f� �s�t�r�a�i�n� 

�.�  ��A�H� �R�T�.�.�.� �V�e� �e� �=� �&�e� �I�R�T� �s�i�n�h� �R�T� �[�3�.�3�]� 

�w�h�e�r�e�:� �e� �=� �c�h�a�n�g�e� �o�f� �s�t�r�a�i�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�i�m�e� 

�@�,� �=� �c�o�n�s�t�a�n�t� 

�V� �=� �a�c�t�i�v�a�t�i�o�n� �v�o�l�u�m�e� 

�o� �=� �a�p�p�l�i�e�d� �s�t�r�e�s�s� 

�A�t� �h�i�g�h� �l�e�v�e�l�s� �o�f� �s�t�r�e�s�s�,� �e�q�u�a�t�i�o�n� �3�.�3� �c�a�n� �b�e� �c�o�n�v�e�r�t�e�d� �t�o� 

�.� �A�H�  ��v�o� 
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�E�q�u�a�t�i�o�n� �3�.�4� �i�m�p�l�i�e�s� �t�h�a�t� �w�h�e�n� �s�t�r�e�s�s� �r�e�a�c�h�e�s� �a� �c�r�i�t�i�c�a�l� �l�e�v�e�l�,� �r�e�s�i�s�t�a�n�c�e� �t�o� �c�o�n�f�o�r�m�a�-� 

�t�i�o�n�a�l� �c�h�a�n�g�e�s� �i�s� �e�l�i�m�i�n�a�t�e�d�.� �T�h�i�s� �p�e�r�m�i�t�s� �t�h�e� �c�h�a�i�n�s� �t�o� �u�n�c�o�i�l� �a�n�d� �e�l�o�n�g�a�t�e� �a�s� �q�u�i�c�k�l�y� �a�s� �t�h�e� 

�a�p�p�l�i�e�d� �s�t�r�a�i�n� �r�a�t�e�.� �S�i�n�c�e� �s�t�r�e�s�s� �v�a�r�i�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y�,� �d�u�e� �t�o� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �d�e�n�s�i�t�y�,� �t�h�e� �c�r�i�t�i�c�a�l� 

�s�t�r�e�s�s� �w�i�l�l� �o�n�l�y� �b�e� �r�e�a�c�h�e�d� �i�n�i�t�i�a�l�l�y� �i�n� �a� �h�i�g�h�l�y� �l�o�c�a�l�i�z�e�d� �v�o�l�u�m�e�.� 

�T�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �e�q�u�a�t�i�o�n� �3�.�4� 
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�E�q�u�a�t�i�o�n� �3�.�5� �s�h�o�w�s� �t�h�a�t� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �i�n�c�r�e�a�s�i�n�g� 

�s�t�r�a�i�n� �r�a�t�e�.� 
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�T�h�i�s� �a�c�t�i�v�a�t�e�d� �v�o�l�u�m�e� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�-�1�0� �n�m�?�,� �f�o�r� �m�o�s�t� �p�o�l�y�m�e�r�s�,� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�H�a�w�a�r�d� �a�n�d� �T�h�a�c�k�r�a�y�[�{�4�8�]�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �y�i�e�l�d�i�n�g� �i�n�v�o�i�v�e�s� �t�h�e� �c�o�o�p�e�r�a�t�i�v�e� �m�o�t�i�o�n� �o�f� �a� 

�l�a�r�g�e� �n�u�m�b�e�r� �o�f� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �B�a�u�w�e�n�s� �a�n�d� �c�o�w�o�r�k�e�r�s�[�4�9�]� �d�e�t�e�r�m�i�n�e�d� 

�t�h�a�t� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �y�i�e�l�d�i�n�g� �i�n� �p�o�l�y�v�i�n�y�l�c�h�l�o�r�i�d�e� �a�n�d� �p�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e� �i�n�v�o�l�v�e�d� �a� �m�i�n�-� 

�i�m�u�m� �o�f� �2�5� �r�e�p�e�a�t� �u�n�i�t�s�.� 

�H�o�f�f�m�a�n�[�5�0�]� �l�a�t�e�r� �a�p�p�l�i�e�d� �a� �s�i�m�i�l�a�r� �t�h�e�o�r�y�,� �t�h�e� �s�i�t�e� �m�o�d�e�l�,� �t�o� �d�e�s�c�r�i�b�e� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�-� 

�h�a�v�i�o�r� �i�n� �p�o�l�y�m�e�r�s�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� �u�p�o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�t�r�e�s�s�,� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �b�o�n�d�s� 

�a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r ��s� �b�a�c�k�b�o�n�e� �w�o�u�l�d� �s�h�i�f�t� �f�r�o�m� �g�a�u�c�h�e� �t�o� �t�h�e� �m�o�r�e� �e�x�t�e�n�d�e�d� �t�r�a�n�s� �c�o�n�f�o�r�-� 

�m�a�t�i�o�n�.� �E�a�c�h� �b�o�n�d� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�n�g�e� �l�e�d� �t�o� �a�n� �i�n�c�r�e�m�e�n�t� �o�f� �s�t�r�a�i�n� 
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�w�h�e�r�e�:� �é� �=� �t�o�t�a�l� �s�t�r�a�i�n� 

�t�y� �=� �i�n�s�t�a�n�t�a�n�e�o�u�s� �e�l�a�s�t�i�c� �s�t�r�a�i�n� 

�n� �=� �n�u�m�b�e�r� �o�f� �s�h�i�f�t�s� �f�r�o�m� �g�a�u�c�h�e� �t�o� �t�r�a�n�s� �c�o�n�f�o�r�m�a�t�i�o�n� 
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� �I�l� �i�n�c�r�e�m�e�n�t�a�l� �s�t�r�a�i�n� �p�e�r� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �s�h�i�f�t� 

�T�h�e� �t�h�e�o�r�y� �p�r�o�p�o�s�e�d� �b�y� �R�o�b�e�r�t�s�o�n�[�2�5�]� �i�s� �a�l�s�o� �b�a�s�e�d� �o�n� �t�h�e� �c�o�n�c�e�p�t� �t�h�a�t� �p�l�a�s�t�i�c� �d�e�f�o�r�-� 

�m�a�t�i�o�n� �i�s� �c�a�u�s�e�d� �b�y� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n�s� �i�n� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �R�o�b�e�r�t�s�o�n� �b�e�l�i�e�v�e�d� �t�h�a�t� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �f�o�r�c�e�s� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �r�i�g�i�d�i�t�y� �o�f� �a� �p�o�l�y�m�e�r�.� �T�h�e�s�e� �f�o�r�c�e�s� �w�e�r�e� �d�i�s�s�i�p�a�t�e�d� �b�y� 

�t�h�e� �d�i�s�r�u�p�t�i�o�n� �o�f� �c�h�a�i�n� �p�a�c�k�i�n�g� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �c�h�a�i�n� �c�o�n�f�o�r�m�a�t�i�o�n�.� 

�U�p�o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�h�e�a�r� �s�t�r�e�s�s�,� �t�h�e� �b�o�n�d�s� �w�o�u�l�d� �t�r�y� �t�o� �a�l�i�g�n� �t�h�e�m�s�e�l�v�e�s� �w�i�t�h� �t�h�e� 

�s�t�r�e�s�s� �b�y� �c�h�a�n�g�i�n�g� �t�h�e�i�r� �c�o�n�f�o�r�m�a�t�i�o�n�.� �S�i�n�c�e� �b�o�n�d�s� �i�n� �a� �g�l�a�s�s�y� �p�o�l�y�m�e�r� �e�x�i�s�t�e�d� �i�n� �b�o�t�h� �l�o�w� 

�a�n�d� �h�i�g�h� �e�n�e�r�g�y� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �s�t�a�t�e�s�,� �t�h�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �w�o�u�l�d� �i�n�v�o�l�v�e� �h�i�g�h� �t�o� �l�o�w� �e�n�e�r�g�y� 

�s�h�i�f�t�s� �a�s� �w�e�l�l� �a�s� �l�o�w� �t�o� �h�i�g�h� �e�n�e�r�g�y� �s�h�i�f�t�s�.� �T�h�e� �j�u�m�p� �t�o� �a� �h�i�g�h� �e�n�e�r�g�y� �o�r� �f�l�e�x�e�d� �s�t�a�t�e� �w�a�s� �r�a�p�i�d� 

�s�i�n�c�e� �R�o�b�e�r�t�s�o�n� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �s�t�r�e�s�s� �l�o�w�e�r�e�d� �t�h�e� �e�n�e�r�g�y� �b�a�r�i�e�r� �b�e�t�w�e�e�n� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�c�o�n�f�o�r�m�a�t�i�o�n�a�l� �s�t�a�t�e�s�.� �H�o�w�e�v�e�r�,� �h�e� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �j�u�m�p� �f�r�o�m� �t�h�e� �h�i�g�h�e�r� �s�t�a�t�e� �t�o� �t�h�e� �l�o�w�e�r� 

�s�t�a�t�e� �o�c�c�u�r�r�e�d� �s�l�o�w�l�y� �d�u�e� �t�o� �t�h�e�r�m�a�l� �r�e�s�t�r�i�c�t�i�o�n�s�.� �T�h�i�s� �p�r�o�d�u�c�e�d� �a� �t�r�a�n�s�i�e�n�t� �m�a�x�i�m�u�m� �i�n� �t�h�e� 

�n�u�m�b�e�r� �o�f� �f�l�e�x�e�d� �b�o�n�d�s� �w�h�i�c�h� �e�x�i�s�t�e�d� �i�n�i�t�i�a�l�l�y� �a�f�t�e�r� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�t�r�e�s�s�.� �Y�i�e�l�d�i�n�g� �o�c�-� 
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�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �m�a�x�i�m�u�m� �n�u�m�b�e�r� �o�f� �f�l�e�x�e�d� �b�o�n�d�s� �w�a�s� �e�q�u�a�l� �t�o� �n�u�m�b�e�r� �o�f� �f�l�e�x�e�d� �b�o�n�d�s� �o�f� 

�t�h�e� �p�o�l�y�m�e�r� �i�n� �l�i�q�u�i�d� �s�t�a�t�e�.� �T�h�e� �f�r�e�e� �v�o�l�u�m�e�,� �a�n�d� �t�h�e� �d�e�n�s�i�t�y� �o�f� �t�h�e� �s�o�l�i�d� �a�n�d� �m�o�l�t�e�n� �p�o�l�y�m�e�r�,� 

�w�o�u�l�d� �a�l�s�o� �b�e� �e�q�u�a�l� �s�i�n�c�e� �R�o�b�e�r�t�s�o�n� �r�e�l�a�t�e�d� �t�h�e� �f�r�e�e� �v�o�l�u�m�e� �o�f� �t�h�e� �p�o�l�y�m�e�r� �t�o� �t�h�e� �n�u�m�b�e�r� 

�o�f� �f�l�e�x�e�d� �b�o�n�d�s� �i�n� �t�h�e� �p�o�l�y�m�e�r�.� �R�o�b�e�r�t�s�o�n� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �y�i�e�l�d�i�n�g� �w�o�u�l�d� �b�e� �h�i�g�h�l�y� �l�o�c�a�l�i�z�e�d� 

�s�i�n�c�e� �d�e�n�s�i�t�y� �h�e�t�e�r�o�g�e�n�e�i�t�i�e�s� �e�x�i�s�t�e�d� �i�n� �g�l�a�s�s�y� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s�.� 

�H�i�s� �t�h�e�o�r�e�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �o�f� �y�i�e�l�d� �s�t�r�e�s�s� �f�o�r� �p�o�l�y�s�t�y�r�e�n�e� �c�l�o�s�e�l�y� �m�a�t�c�h�e�s� �t�h�e� �d�a�t�a� �f�o�r� 

�t�e�m�p�e�r�a�t�u�r�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0�0�°� �b�e�l�o�w� �t�h�e� �T�g�.� �H�o�w�e�v�e�r�,� �a�t� �t�h�e� �T�g� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� 

�a�r�e� �m�u�c�h� �h�i�g�h�e�r� �t�h�a�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �r�e�s�u�l�t�.� �F�o�r� �P�M�M�A�,� �f�o�r� �a� �l�a�r�g�e� �t�e�m�p�e�r�a�t�u�r�e� 

�r�a�n�g�e�,� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �c�o�n�s�e�q�u�e�n�t�l�y� �h�i�g�h�e�r� �b�y� �1�0�°� �d�y�n�e�/�c�m�*�.� �R�o�b�e�r�t�s�o�n� �r�e�a�s�o�n�e�d� �t�h�a�t� �t�h�e� 

�h�i�g�h�e�r� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� �w�e�r�e� �p�a�r�t�l�y� �d�u�e� �t�o� �t�h�e� �h�y�d�r�o�s�t�a�t�i�c� �e�f�f�e�c�t� �o�f� �t�h�e� �t�e�n�s�i�l�e� �t�e�s�t� �m�e�a�s�-� 

�u�r�e�m�e�n�t�s�.� 

�T�h�e� �d�i�r�e�c�t� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �R�o�b�e�r�t�s�o�n ��s� �t�h�e�o�r�y� �h�a�s� �b�e�e�n� �l�i�m�i�t�e�d� �s�i�n�c�e� �i�t� �o�n�l�y� �c�o�n�s�i�d�e�r�s� 

�t�r�a�n�s� �a�n�d� �g�a�u�c�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�s�.� �A�l�s�o�,� �t�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �q�u�e�s�t�i�o�n�s� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �f�o�u�n�d�a�-� 

�t�i�o�n�s� �o�f� �h�i�s� �t�h�e�o�r�y�.� �F�i�r�s�t�l�y�,� �h�e� �h�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �y�i�e�l�d� 

�s�t�r�e�s�s� �a�n�d� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �w�e�r�e� �c�a�u�s�e�d� �b�y� �t�h�e� �h�y�d�r�o�s�t�a�t�i�c� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

�t�e�n�s�i�l�e� �s�t�r�e�s�s�.� �T�h�i�s� �i�s� �i�n� �c�o�n�t�r�a�d�i�c�t�i�o�n� �w�i�t�h� �h�i�s� �o�r�i�g�i�n�a�l� �t�h�e�o�r�y� �w�h�i�c�h� �s�t�a�t�e�d� �t�h�a�t� �o�n�l�y� �t�h�e� �s�h�e�a�r� 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �c�o�u�l�d� �e�n�d�u�r�e� �y�i�e�l�d�i�n�g�.� �S�e�c�o�n�d�l�y�,� �H�a�w�a�r�d�[�5�1�]� �h�a�s� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �b�o�n�d� �r�o�t�a�t�i�o�n�s� �o�n�l�y� �o�c�c�u�r� �a�t� �h�i�g�h� �l�e�v�e�l�s� �o�f� �s�t�r�a�i�n�.� �S�t�a�c�h�u�r�s�k�i�[�2�7�]� �b�e�l�i�e�v�e�s� �t�h�a�t� �t�h�i�s� �o�b�-� 

�s�e�r�v�a�t�i�o�n� �a�l�o�n�g� �w�i�t�h� �t�h�e� �f�a�c�t� �t�h�a�t� �m�o�s�t� �p�o�l�y�m�e�r�s� �y�i�e�l�d� �a�f�t�e�r� �j�u�s�t� �5�-�1�0� �p�e�r�c�e�n�t� �s�t�r�a�i�n�,� �r�e�n�d�e�r�s� 

�R�o�b�e�r�t�s�o�n ��s� �t�h�e�o�r�y� �i�n�v�a�l�i�d� �f�o�r� �m�o�s�t� �p�o�l�y�m�e�r�s�.� �T�h�e�s�e� �a�r�g�u�m�e�n�t�s� �a�s�i�d�e� �h�o�w�e�v�e�r�,� �R�o�b�e�r�t�s�o�n ��s� 

�t�h�e�o�r�y� �i�s� �s�t�i�l�l� �a� �c�o�r�n�e�r�s�t�o�n�e� �f�o�r� �m�a�n�y� �o�t�h�e�r� �t�h�e�o�r�i�e�s� �o�n� �p�o�l�y�m�e�r�i�c� �y�i�e�l�d�i�n�g�.� 

�3�.�3�.�3�.�2� �F�r�e�e� �V�o�l�u�m�e� 

�N�e�w�m�a�n� �a�n�d� �S�t�r�e�l�l�a�[�5�2�]� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �r�e�s�i�s�t�a�n�c�e� �t�o� �y�i�e�l�d�i�n�g� �m�a�y� �b�e� �d�e�p�e�n�d�e�n�t� 

�u�p�o�n� �a� �m�a�t�e�r�i�a�l ��s� �f�r�e�e� �v�o�l�u�m�e�.� �S�t�u�d�y�i�n�g� �t�h�e� �y�i�e�l�d� �b�e�h�a�v�i�o�r� �o�f� �r�u�b�b�e�r� �m�o�d�i�f�i�e�d� �g�l�a�s�s�y� 

�p�o�l�y�m�e�r�s�,� �t�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �r�u�b�b�e�r�.� �T�h�e�y� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�i�s� �d�e�c�r�e�a�s�e� �w�a�s� �r�e�l�a�t�e�d� �t�o� �l�o�c�a�l�i�z�e�d� �i�n�c�r�e�a�s�e�s� �i�n� �f�r�e�e� �v�o�l�u�m�e�,� �c�a�u�s�e�d� �b�y� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �t�r�i�a�x�i�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �p�o�l�y�m�e�r� �d�i�r�e�c�t�l�y� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �r�u�b�b�e�r� �p�a�r�t�i�c�l�e�s�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �5�9



�G�o�l�d�e�n�,� �H�a�m�m�a�n�t� �a�n�d� �H�a�z�e�l�l�[�5�3�]� �h�a�v�e� �a�l�s�o� �a�s�s�o�c�i�a�t�e�d� �y�i�e�l�d� �s�t�r�e�s�s� �t�o� �a� �p�o�l�y�m�e�r ��s� �f�r�e�e� 

�v�o�l�u�m�e�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �o�f� �p�o�l�y�c�a�r�b�o�n�a�t�e�,� �c�a�u�s�e�d� �b�y� �t�h�e�r�-� 

�m�a�l� �a�n�n�e�a�l�l�i�n�g�,� �w�e�r�e� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �p�a�c�k�i�n�g� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s� �l�e�a�d�i�n�g� �t�o� �a� �r�e�-� 

�d�u�c�t�i�o�n� �i�n� �f�r�e�e� �v�o�l�u�m�e�.� 

�B�a�u�w�e�n�s� �a�n�d� �c�o�w�o�r�k�e�r�s�[�4�9�,�5�4�-�5�6�]� �a�t�t�e�m�p�t�e�d� �t�o� �r�e�l�a�t�e� �t�h�i�s� �p�r�o�p�o�s�e�d� �a�s�s�o�c�i�a�t�i�o�n� �b�e�-� 

�t�w�e�e�n� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �y�i�e�l�d�i�n�g� �w�i�t�h� �E�y�r�i�n�g ��s� �a�c�t�i�v�a�t�i�o�n� �m�o�d�e�l�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �w�a�s� �b�a�s�e�d� 

�o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �b�o�t�h� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �t�h�e�r�m�a�l� �a�n�n�e�a�l�i�n�g� �a�r�e� �p�r�o�d�u�c�e�d� �b�y� �c�h�a�i�n� 

�c�o�n�f�o�r�m�a�t�i�o�n�a�l� �m�o�t�i�o�n�s�.� �T�h�i�s� �w�o�u�l�d� �i�m�p�l�y� �t�h�a�t� �b�o�t�h� �p�r�o�c�e�s�s�e�s� �w�o�u�l�d� �b�e� �i�d�e�n�t�i�c�a�l�l�y� �i�n�f�l�u�e�n�c�e�d� 

�b�y� �c�h�a�n�g�e�s� �i�n� �e�n�t�h�a�l�p�y� �a�n�d� �e�n�t�r�o�p�y� �d�u�r�i�n�g� �a�n�n�e�a�l�i�n�g�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�t�h�a�l�p�y� 

�f�o�r� �b�o�t�h� �p�r�o�c�e�s�s�e�s� �w�a�s� �e�q�u�a�l�,� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�n�g�e� �s�h�o�u�l�d� �b�e� �d�e�s�c�r�i�b�e�d� 

�b�y� �a�n� �e�x�p�a�n�d�e�d� �f�o�r�m� �o�f� �t�h�e� �e�q�u�a�t�i�o�n� �u�s�e�d� �b�y� �E�y�r�i�n�g� 

�2� �A�H� 
�U�=� �U�e�S�S�/�R�e �� �(� �R�T� �t�T� �R�T� �)� �[�3�.�7�]� 

�w�h�e�r�e�:� �Q� �=� �a�c�t�i�v�a�t�i�o�n� �e�n�t�h�a�l�p�y� �f�o�r� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�n�g�e�s� 

�A�H� �=� �(�T�g� �-� �T�g�o�)� �A�C�,� 

�T�g�o� �=� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �n�o�n� �a�n�n�e�a�l�e�d� �p�o�l�y�m�e�r� 

�T�g� �=� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �a�n�n�e�a�l�e�d� �p�o�l�y�m�e�r� 

�A�C�,� �=� �d�i�f�f�e�r�e�n�c�e� �i�n� �h�e�a�t� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �p�o�l�y�m�e�r� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �i�t�s� �T�g� 

�S�u�b�s�t�i�t�u�t�i�n�g� �t�h�i�s� �e�x�p�r�e�s�s�i�o�n� �i�n�t�o� �E�y�r�i�n�g ��s� �p�r�e�d�i�c�t�i�o�n� �o�f� �y�i�e�l�d� �s�t�r�e�s�s� �t�h�e�y� �o�b�t�a�i�n�e�d� 

�S�Y� �R�T� �n�a�c�e� �a�s� �+� �(�Q� �+� �A�M�)� �[�3�.�8�]� 
�T� �V� �R�T� �-� �,� 

�w�h�e�r�e�:� �V� �=� �a�c�t�i�v�a�t�i�o�n� �v�o�l�u�m�e� 

�C� �=� �c�o�n�s�t�a�n�t� �r�e�l�a�t�e�d� �t�o� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �c�h�a�n�g�e�s� 

�T�h�e�y� �c�o�n�c�l�u�d�e�d� �f�r�o�m� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�,� �t�h�a�t� �A�H� �w�a�s� �t�h�e� �d�o�m�i�n�a�n�t� �f�a�c�t�o�r� �i�n� �t�h�e� �i�n�-� 

�c�r�e�a�s�e� �i�n� �y�i�e�l�d� �s�t�r�e�s�s� �w�i�t�h� �a�n�n�e�a�l�i�n�g�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�0



�3�.�3�.�3�.�3� �D�i�s�l�o�c�a�t�i�o�n� 

�B�o�w�d�e�n�[�2�8�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �y�i�e�l�d�i�n�g� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �d�i�s�l�o�c�a�t�i�o�n� �o�f� �m�o�l�e�c�u�l�a�r� 

�s�e�g�m�e�n�t�s�.� �H�e� �b�e�l�i�e�v�e�d� �t�h�a�t� �s�e�g�m�e�n�t�s� �o�f� �a� �g�l�a�s�s�y� �p�o�l�y�m�e�r� �s�i�t�u�a�t�e�d� �t�h�e�m�s�e�l�v�e�s� �w�i�t�h� �r�e�s�p�e�c�t� 

�t�o� �o�n�e� �a�n�o�t�h�e�r� �s�i�m�i�l�a�r� �t�o� �t�h�e� �a�t�o�m�s� �o�f� �a� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� �(�F�i�g�u�r�e� �2�3�)�.� �T�h�e�s�e� �s�e�g�m�e�n�t�s�,� �o�v�e�r� 

�t�i�m�e�,� �w�o�u�l�d� �p�o�s�i�t�i�o�n� �t�h�e�m�s�e�l�v�e�s� �i�n� �e�n�e�r�g�y� �w�e�l�l�s� �s�o� �t�h�a�t� �t�h�e�i�r� �i�n�t�e�r�n�a�l� �e�n�e�r�g�y� �w�o�u�l�d� �b�e� �m�i�n�i�-� 

�m�u�m�.� �C�o�n�f�i�g�u�r�a�t�i�o�n�a�l� �e�n�e�r�g�y� �b�a�r�r�i�e�r�s�,� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �p�r�o�p�o�s�e�d� �b�y� �E�y�r�i�n�g�,� �s�e�p�a�r�a�t�e�d� �t�h�e�s�e� 

�e�n�e�r�g�y� �w�e�l�l�s�.� �U�p�o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�h�e�a�r� �s�t�r�e�s�s� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �b�a�r�r�i�e�r�s� �d�e�c�r�e�a�s�e�.� �T�h�i�s� 

�a�l�l�o�w�e�d� �t�h�e� �s�e�g�m�e�n�t�s� �t�o� �s�h�i�f�t�,� �v�i�a� �t�h�e�r�m�a�l� �a�c�t�i�v�a�t�i�o�n�,� �w�i�t�h� �t�h�e� �s�t�r�e�s�s� �t�o� �t�h�e� �n�e�x�t� �a�d�j�a�c�e�n�t� �e�n�-� 

�e�r�g�y� �w�e�l�l�.� �B�o�w�d�e�n� �b�e�l�i�e�v�e�d� �t�h�i�s� �s�h�i�f�t�i�n�g� �o�r� �d�i�s�l�o�c�a�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �s�e�g�m�e�n�t�s� �w�a�s� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n�.� 

�T�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �s�t�r�a�i�n� �r�e�q�u�i�r�e�d� �t�o� �d�i�s�l�o�c�a�t�e� �a� �s�e�g�m�e�n�t� �t�o� 

�t�h�e� �m�a�x�i�m�u�m� �o�f� �a�n� �e�n�e�r�g�y� �b�a�r�r�i�e�r�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�i�s� �s�t�r�a�i�n� �w�a�s� �e�q�u�a�l� �t�o� �t�h�e� �p�o�l�y�m�e�r ��s� 

�B�u�r�g�e�r�s� �v�e�c�t�o�r�.� �T�h�e� �B�u�r�g�e�r�s� �v�e�c�t�o�r� �w�a�s� �a�n� �i�n�t�r�i�n�s�i�c� �p�o�l�y�m�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �a�n�d� �w�a�s� �d�e�-� 

�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �w�i�d�t�h� �o�f� �t�h�e� �p�o�l�y�m�e�r�,� �t�h�e� �l�e�n�g�t�h� �o�f� �i�t�s� �l�i�n�k�s�,� �t�h�e� �s�p�a�c�i�n�g� �o�f� �i�t�s� �s�i�d�e� �g�r�o�u�p�s� 

�a�n�d� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �n�e�e�d�e�d� �t�o� �c�a�u�s�e� �k�i�n�k�s� �i�n� �t�h�e� �c�h�a�i�n�.� 

�B�o�w�d�e�n� �p�r�o�p�o�s�e�d� �t�h�a�t� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �w�a�s� �i�n�i�t�i�a�t�e�d� �b�y� �t�h�e� �n�u�c�l�e�a�t�i�o�n� �o�f� �s�m�a�l�l�,� �d�i�s�c� 

�s�h�a�p�e�d� �r�e�g�i�o�n�s�.� �H�e� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �n�e�e�d�e�d� �t�o� �n�u�c�l�e�a�t�e� �a�n�d� �p�r�o�p�a�g�a�t�e� 

�t�h�e�s�e� �r�e�g�i�o�n�s� �u�s�i�n�g� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �p�r�o�p�o�s�e�d� �b�y� �K�e�l�l�y�[�5�7�]�.� �T�h�i�s� �m�o�d�e�l� �w�a�s� �b�a�s�e�d� �o�n� 

�t�h�e� �c�h�a�n�g�e�s� �i�n� �e�l�a�s�t�i�c� �e�n�e�r�g�y� �o�f� �t�h�e� �m�a�t�r�i�x� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �a�n�d� �w�a�s� �o�n�l�y� �d�e�-� 

�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s�,� �s�h�e�a�r� �m�o�d�u�l�u�s�,� �s�i�z�e� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �a�n�d� �t�h�e� �B�u�r�g�e�r�s� 
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�r�,� �=� �i�n�i�t�i�a�l� �r�a�d�i�u�s� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� 

�T�h�e� �e�n�t�r�o�p�y� �t�e�r�m� �t�o� �t�h�e� �a�c�t�i�v�a�t�e�d� �r�a�t�e� �e�q�u�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �n�e�g�l�i�g�i�b�l�e�.� 

�B�o�w�d�e�n ��s� �t�h�e�o�r�y� �h�a�s� �o�n�l�y� �o�b�t�a�i�n�e�d� �l�i�m�i�t�e�d� �a�t�t�e�n�t�i�o�n� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�,� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �i�t�s� 

�l�a�c�k� �o�f� �a� �m�o�l�e�c�u�l�a�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �y�i�e�l�d�i�n�g�.� �I�t� �i�s�,� �h�o�w�e�v�e�r�,� �q�u�i�t�e� �u�n�i�q�u�e�.� 

�A�r�g�o�n�[�5�8�,�5�9�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �k�i�n�k�s� 

�a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e�.� �T�h�e�s�e� �k�i�n�k�s� �s�e�r�v�e� �t�o� �r�o�t�a�t�e� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� �c�h�a�i�n� �w�h�i�c�h� �a�r�e� 

�n�o�t� �a�l�i�g�n�e�d� �w�i�t�h� �t�h�e� �s�t�r�e�s�s�.� �T�h�i�s� �o�r�i�e�n�t�s� �t�h�e� �c�h�a�i�n�s� �a�s� �w�e�l�l� �a�s� �p�r�o�d�u�c�i�n�g� �s�t�r�a�i�n� �i�n� �t�h�e� �s�t�r�e�s�s� 

�d�i�r�e�c�t�i�o�n� �(�F�i�g�u�r�e� �2�4�)�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �k�i�n�k� �i�n� �t�h�e� �c�h�a�i�n� �i�s� �r�e�v�e�r�s�i�b�l�e�.� �A� �k�i�n�k� �p�r�o�d�u�c�e�s� 

�a�n� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �i�n� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �m�a�t�r�i�x� �w�h�i�c�h� �i�n� �t�u�r�n� �e�x�e�r�t�s� �p�r�e�s�s�u�r�e� �o�n� �t�h�e� �k�i�n�k�.� �U�p�o�n� 

�r�e�m�o�v�a�l� �o�f� �t�h�e� �s�t�r�e�s�s�,� �t�h�e� �s�t�o�r�e�d� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �e�n�e�r�g�y� �f�o�r�c�e�s� �t�h�e� �k�i�n�k� �t�o� �f�l�i�p� �b�a�c�k� �t�o� �i�t�s� �o�r�i�g�i�n�a�l� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �A�r�g�o�n� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�i�s� �u�n�k�i�n�k�i�n�g� �w�a�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �r�e�c�o�v�e�r�y� �e�f�f�e�c�t� �s�e�e�n� 

�i�n� �p�o�l�y�m�e�r�s�.� 

�T�h�e� �k�i�n�k� �b�e�c�o�m�e�s� �i�r�r�e�v�e�r�s�i�b�l�e� �w�h�e�n� �t�h�e� �s�t�r�e�s�s� �i�s� �m�a�i�n�t�a�i�n�e�d� �f�o�r� �a� �s�u�f�f�i�c�i�e�n�t� �a�m�o�u�n�t� �o�f� 

�t�i�m�e� �f�o�r� �t�h�e� �a�d�j�a�c�e�n�t� �p�o�l�y�m�e�r� �c�h�a�i�n�s� �t�o� �a�l�s�o� �u�n�d�e�r�g�o� �k�i�n�k�i�n�g�,� �a�n�d� �t�h�u�s� �r�e�l�i�e�v�i�n�g� �t�h�e� �e�l�a�s�t�i�c� 

�s�t�r�a�i�n�.� �T�h�e� �k�i�n�k�i�n�g� �i�s� �a�n� �a�c�t�i�v�a�t�e�d� �p�r�o�c�e�s�s� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �A�r�r�e�h�e�n�i�u�s� �e�q�u�a�t�i�o�n�.� �T�h�e� �c�h�a�n�g�e� 

�o�f� �e�n�t�h�a�l�p�y� �t�o� �f�o�r�m� �t�h�e� �k�i�n�k�s� �w�a�s� �p�r�e�d�i�c�t�e�d� �b�y� �L�i� �a�n�d� �G�i�l�m�a�n�(�6�0�]�.� 
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�S�o�m�e� �h�a�v�e� �e�x�p�r�e�s�s�e�d� �s�k�e�p�t�i�c�i�s�m� �w�i�t�h� �t�h�i�s� �t�h�e�o�r�y�,� �p�o�i�n�t�i�n�g� �o�u�t� �t�h�a�t� �t�h�e� �k�i�n�k�i�n�g� �p�r�o�c�e�s�s� 

�w�o�u�l�d� �b�e� �t�o�o� �i�s�o�l�a�t�e�d� �t�o� �i�n�v�o�l�v�e� �a�n� �a�c�t�i�v�a�t�e�d� �v�o�l�u�m�e� �d�e�t�e�r�m�i�n�e�d� �i�n� �p�r�e�v�i�o�u�s�l�y� �t�o� �b�e� �1�-�2�0� 

�n�m ��.� �T�h�e� �t�h�e�o�r�y�,� �h�o�w�e�v�e�r�,� �i�s� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �y�i�e�l�d� �s�t�r�e�s�s� �e�x�p�e�r�i�m�e�n�t�s� �o�f� �P�E�T� �o�v�e�r� �a� 

�w�i�d�e� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �s�t�r�a�i�n� �r�a�t�e�s�.� �T�h�i�s� �h�a�s� �a�l�s�o� �b�e�e�n� �a�p�p�l�i�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �t�o� 

�p�o�l�y�i�m�i�d�e� �s�y�s�t�e�m�s�[�6�1�]�.� �T�h�e� �t�h�e�o�r�y� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�s�,� �t�h�r�o�u�g�h� �e�q�u�a�t�i�o�n� �3�.�1�1�,� �h�o�w�,� �f�o�r� �h�i�g�h� 

�i�n�d�u�c�e�d� �s�t�r�a�i�n� �r�a�t�e�s�,� �y�i�e�l�d� �s�t�r�e�s�s� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �s�h�e�a�r� �m�o�d�u�l�u�s�.� 

�T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �s�i�m�i�l�a�r�i�t�i�e�s� �b�e�t�w�e�e�n� �t�h�i�s� �t�h�e�o�r�y� �a�n�d� �t�h�a�t� �p�r�o�p�o�s�e�d� �b�y� �B�o�w�d�e�n�.� 

�B�o�t�h� �t�h�e�o�r�i�e�s� �r�e�l�a�t�e� �r�a�t�e� �o�f� �s�t�r�a�i�n� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�r� �n�u�c�l�e�a�t�i�o�n� �o�f� �a� �p�l�a�s�t�i�c� �e�l�e�m�e�n�t�(�a� �k�i�n�k� 

�f�o�r� �A�r�g�o�n� �a�n�d� �a� �p�l�a�s�t�i�c� �d�i�s�c� �f�o�r� �B�o�w�d�e�n�)�.� �T�h�e� �n�u�c�l�e�a�t�i�o�n� �o�f� �t�h�i�s� �e�l�e�m�e�n�t� �i�s� �r�e�s�i�s�t�e�d� �i�n� �b�o�t�h� 

�c�a�s�e�s� �b�y� �t�h�e� �e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �m�a�t�r�i�x� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �s�h�e�a�r� �m�o�d�u�l�u�s�.� 

�3�.�3�.�3�.�4� �I�n�t�e�r�m�o�l�e�c�u�l�a�r� �Y�i�e�l�d�i�n�g� 

�A� �m�o�r�e� �r�e�c�e�n�t� �t�h�e�o�r�y� �p�r�o�p�o�s�e�d� �b�y� �S�t�a�c�h�u�r�s�k�i�[�2�7�,�6�2�]� �b�a�s�e�s� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �y�i�e�l�d�i�n�g� 

�o�n� �t�h�e� �b�r�e�a�k�i�n�g� �o�f� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �b�o�n�d�s�.� �S�t�a�c�h�u�r�s�k�i� �u�s�e�d� �a�m�o�r�p�h�o�u�s� �p�o�l�y�e�t�h�y�l�e�n�e� �t�o� �m�o�d�e�l� 

�h�i�s� �t�h�e�o�r�y� �s�i�n�c�e�,� �i�t�s� �c�h�a�i�n�s� �a�r�e� �b�o�n�d�e�d� �t�o�g�e�t�h�e�r� �o�n�l�y� �b�y� �v�a�n�d�e�r� �w�a�a�l�s� �d�i�s�p�e�r�s�i�o�n� �f�o�r�c�e�s�.� �H�e� 

�s�t�a�t�e�d� �t�h�a�t� �t�h�e�s�e� �b�o�n�d�s� �f�o�r�m� �b�e�t�w�e�e�n� �n�o�n� �c�o�v�a�l�e�n�t�l�y� �b�o�n�d�e�d� �m�e�t�h�y�l�e�n�e� �u�n�i�t�s� �o�v�e�r� �a� �d�i�s�t�r�i�b�-� 

�u�t�i�o�n� �o�f� �d�i�s�t�a�n�c�e�s�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�5



�U�p�o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �s�t�r�e�s�s�,� �t�h�e� �b�o�n�d�s� �a�r�e� �s�t�r�a�i�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �L�e�n�n�a�r�d�-�J�o�n�e�s� 

�p�o�t�e�n�t�i�a�l�.� �A�t� �a� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n�,� �t�h�e� �b�o�n�d�s� �r�u�p�t�u�r�e�.� �T�h�i�s� �s�t�r�a�i�n� �i�s� �r�e�a�c�h�e�d� �f�i�r�s�t� �b�y� �t�h�e� �b�o�n�d�s� 

�w�h�i�c�h� �i�n�i�t�i�a�l�l�y� �w�e�r�e� �t�h�e� �l�o�n�g�e�s�t�.� �A�s� �t�h�e� �s�t�r�e�s�s� �i�s� �i�n�c�r�e�a�s�e�d�,� �a�l�l� �t�h�e� �b�o�n�d�s� �b�e�c�o�m�e� �c�r�i�t�i�c�a�l�l�y� 

�s�t�r�a�i�n�e�d� �a�n�d� �r�u�p�t�u�r�e�.� �S�t�a�c�h�u�r�s�k�i� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�i�s� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �p�u�r�e� �p�l�a�s�t�i�c� 

�d�e�f�o�r�m�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�f� �t�h�e� �s�t�r�e�s�s� �i�s� �r�e�l�e�a�s�e�d� �b�e�f�o�r�e� �t�h�i�s� �o�c�c�u�r�s�,� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �o�n�l�y� 

�v�i�s�c�o�e�l�a�s�t�i�c�.� �T�h�e� �s�e�c�o�n�d�a�r�y� �b�o�n�d�s� �r�e�f�o�r�m� �o�v�e�r� �t�i�m�e� �a�n�d� �r�e�d�u�c�e� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n�.� �S�t�a�c�h�u�r�s�k�i� 

�p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�i�s� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �e�f�f�e�c�t� �k�n�o�w�n� �a�s� �p�o�l�y�m�e�r�i�c� �r�e�c�o�v�e�r�y�.� 

�T�h�i�s� �m�o�d�e�l�,� �S�t�a�c�h�u�r�s�k�i� �a�r�g�u�e�d�,� �c�o�u�l�d� �a�l�s�o� �e�x�p�l�a�i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �o�b�s�e�r�v�e�d� �i�n�c�r�e�a�s�e� 

�i�n� �y�i�e�l�d� �s�t�r�e�s�s� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �i�n�c�r�e�a�s�i�n�g� �p�r�e�s�s�u�r�e�,� �s�i�n�c�e� �t�h�e�s�e� �c�h�a�n�g�e�s� 

�w�o�u�l�d� �c�o�m�p�a�c�t� �t�h�e� �p�o�l�y�m�e�r�.� �T�h�i�s� �w�o�u�l�d� �s�h�o�r�t�e�n� �t�h�e� �v�a�n�d�e�r� �w�a�a�l�s� �b�o�n�d�s�,� �m�a�k�i�n�g� �t�h�e�m� �m�o�r�e� 

�r�e�s�i�s�t�a�n�t� �t�o� �y�i�e�l�d�i�n�g�.� 

�B�r�o�w�n�[�6�3�]� �a�l�s�o� �b�e�l�i�e�v�e�d� �t�h�a�t� �r�e�s�i�s�t�a�n�c�e� �t�o� �y�i�e�l�d�i�n�g� �c�a�m�e� �f�r�o�m� �i�n�t�e�r�m�o�l�e�c�u�a�l�r� �f�o�r�c�e�s�.� 

�H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� �a�t�o�m�s� �o�f� �a�n� �a�m�o�r�p�h�o�u�s� �g�l�a�s�s�y� �p�o�l�y�m�e�r� �o�r�d�e�r� �t�h�e�m�s�e�l�v�e�s� �i�n�t�o� �a� �l�o�o�s�e�l�y� 

�p�a�c�k�e�d� �l�a�t�t�i�c�e� �l�i�k�e� �s�t�r�u�c�t�u�r�e�.� �E�a�c�h� �a�t�o�m� �o�f� �t�h�i�s� �s�t�r�u�c�t�u�r�e� �i�s� �h�e�l�d� �r�o�u�g�h�l�y� �i�n� �p�l�a�c�e� �b�y� �v�a�n�d�e�r� 

�w�a�a�l�s� �f�o�r�c�e�s� �e�x�e�r�t�e�d� �b�y� �i�t�s� �n�e�i�g�h�b�o�r�s�.� �D�u�r�i�n�g� �s�h�e�a�r�,� �t�h�e�s�e� �a�t�o�m�s� �a�r�e� �s�h�i�f�t�e�d� �r�e�l�a�t�i�v�e� �t�o� �o�n�e� 

�a�n�o�t�h�e�r� �b�y� �s�p�e�c�i�f�i�c� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�a�t�t�e�r�n�s�.� �B�r�o�w�n� �d�e�t�e�r�m�i�n�e�d� �t�h�r�e�e� �b�a�s�i�c� �r�e�a�r�r�a�n�g�e�m�e�n�t� 

�p�a�t�t�e�r�n�s�,� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �s�h�e�a�r�,� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� �s�h�e�a�r� �a�n�d� �m�o�t�i�o�n� �a�l�o�n�g� �c�o�v�a�l�e�n�t� �b�o�n�d�s� �w�h�i�c�h� 

�h�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �s�h�e�a�r�o�n�,� �r�o�t�o�n� �a�n�d� �t�u�b�o�n� �m�o�t�i�o�n�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �s�t�r�e�s�s� �r�e�q�u�i�r�e�d� �t�h�a�t� �l�e�d� �t�o� �e�a�c�h� �s�h�i�f�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� 

�b�a�s�e�d� �o�n� �t�h�e� �L�e�n�n�a�r�d�-�J�o�n�e�s� �p�o�t�e�n�t�i�a�l�.� �B�r�o�w�n� �c�l�a�i�m�s� �t�h�a�t� �t�h�i�s� �t�h�e�o�r�y� �e�n�c�o�m�p�a�s�s�e�s� �t�h�e� �t�h�e�o�-� 

�r�i�e�s� �o�f� �A�r�g�o�n�,� �Y�a�n�n�a�s� �a�n�d� �L�u�n�n�[�6�&�4�]� �w�h�i�c�h� �o�n�l�y� �d�e�s�c�r�i�b�e� �o�n�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�a�t�t�e�r�n�.� �H�o�w�-� 

�e�v�e�r�,� �h�e� �s�t�a�t�e�s� �t�h�a�t� �t�h�i�s� �t�h�e�o�r�y� �o�n�l�y� �p�a�r�t�i�a�l�l�y� �d�e�s�c�r�i�b�e�s� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� �s�i�n�c�e� �i�t� �n�e�g�l�e�c�t�s� 

�c�h�a�i�n� �f�l�e�x�i�b�i�l�i�t�y�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�6



�3�.�3�.�5� �S�t�r�a�i�n� �S�o�f�t�e�n�i�n�g� �a�n�d� �H�a�r�d�e�n�i�n�g� 

�B�o�w�d�e�n�[�6�5�]� �h�a�s� �r�e�l�a�t�e�d� �s�t�r�a�i�n� �s�o�f�t�e�n�i�n�g� �t�o� �b�o�n�d� �r�o�t�a�t�i�o�n�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� �b�o�n�d� �r�o�t�a�-� 

�t�i�o�n� �i�s� �i�n�i�t�i�a�l�l�y� �d�i�f�f�i�c�u�l�t� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �p�a�c�k�i�n�g� �d�e�n�s�i�t�y� �o�f� �t�h�e� �c�h�a�i�n�s�.� �H�o�w�e�v�e�r�,� �a�f�t�e�r� �a� �f�e�w� 

�b�o�n�d�s� �h�a�v�e� �r�o�t�a�t�e�d�,� �t�h�e� �p�a�c�k�i�n�g� �d�e�n�s�i�t�y� �l�e�s�s�e�n�s�.� �T�h�i�s� �a�l�l�o�w�s� �r�o�t�a�t�i�o�n� �a�t� �a� �l�o�w�e�r� �s�t�r�e�s�s�.� 

�S�t�r�a�i�n� �h�a�r�d�e�n�i�n�g� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �s�t�r�a�i�n� �i�n�d�u�c�e�d� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �i�n� �a� �n�u�m�b�e�r� �o�f� 

�r�u�b�b�e�r�s� �a�n�d� �t�h�e�r�m�o�p�l�a�s�t�i�c�s�.� �W�h�e�n� �a� �s�t�r�e�s�s� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �p�o�l�y�m�e�r�,� �t�h�e� �c�h�a�i�n�s� �a�r�e� �o�r�i�e�n�t�e�d� 

�a�n�d� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �o�c�c�u�r�s�.� �T�h�e� �h�i�g�h�e�r� �p�a�c�k�i�n�g� �d�e�n�s�i�t�y� �o�f� �t�h�e� �c�h�a�i�n�s� �w�i�t�h�i�n� �t�h�e� �c�r�y�s�t�a�l�s� �c�a�u�s�e�s� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�o�l�y�m�e�r ��s� �m�o�d�u�l�u�s� �l�e�a�d�i�n�g� �t�o� �a� �h�a�r�d�e�n�i�n�g� �e�f�f�e�c�t�.� �T�h�e� �h�a�r�d�e�n�i�n�g� �e�f�f�e�c�t� �h�a�s� 

�a�l�s�o� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �s�t�r�e�s�s�i�n�g� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s�[�6�2�]�.� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �s�t�r�e�s�s� �t�o� �t�h�e� 

�e�n�t�a�n�g�l�e�m�e�n�t�s� �m�a�y� �c�a�u�s�e� �b�o�n�d� �r�o�t�a�t�i�o�n� �w�h�i�c�h� �i�n�c�r�e�a�s�e�s� �s�t�i�f�f�n�e�s�s�.� 

�3�.�3�.�6� �F�o�r�m�s� �o�f� �Y�i�e�l�d�i�n�g� 

�Y�i�e�l�d�i�n�g� �c�a�n� �o�c�c�u�r� �i�n� �t�h�r�e�e� �f�o�r�m�s�,� �w�h�i�c�h� �c�a�n� �b�e� �s�e�e�n� �o�n� �b�o�t�h� �t�h�e� �m�a�c�r�o� �a�n�d� �m�i�c�r�o�s�c�o�p�i�c� 

�l�e�v�e�l� �(�F�i�g�u�r�e� �2�5�)�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n� �o�f� �t�h�e�s�e�,� �d�u�e� �t�o� �i�t�s� �o�c�c�u�r�r�e�n�c�e� �i�n� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�s�,� �i�s� 

�n�e�c�k�i�n�g�.� 

�N�e�c�k�i�n�g� �d�e�v�e�l�o�p�s� �i�n� �s�a�m�p�l�e�s� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �u�n�i�a�x�i�a�l� �t�e�n�s�i�l�e� �l�o�a�d� �w�h�e�r�e� �n�o� �r�e�s�t�r�i�c�t�i�o�n�s� 

�t�o� �s�t�r�a�i�n� �i�n� �e�i�t�h�e�r� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n� �e�x�i�s�t�.� �N�e�c�k�i�n�g� �o�c�c�u�r�s� �d�u�r�i�n�g� �t�h�e� �s�t�r�a�i�n� �s�o�f�t�e�n�i�n�g� 

�p�r�o�c�e�s�s�.� �I�n�i�t�i�a�l�l�y�,� �n�e�c�k�i�n�g� �o�c�c�u�r�s� �a�l�o�n�g� �a� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �m�a�x�i�m�u�m� �s�h�e�a�r� �w�h�i�c�h� �u�s�u�a�l�l�y� �o�c�-� 

�c�u�r�s� �a�t� �a� �+�4�5� �d�e�g�r�e�e� �a�n�g�l�e� �t�o� �t�h�e� �a�p�p�l�i�e�d� �l�o�a�d�.� �T�h�e� �l�a�c�k� �o�f� �s�t�r�a�i�n� �r�e�s�t�r�i�c�t�i�o�n� �a�l�l�o�w�s� �t�h�e� �m�a�-� 

�t�e�r�i�a�l� �t�o� �c�o�n�t�r�a�c�t� �a�l�o�n�g� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�s� �i�n� �p�r�o�p�o�r�t�i�o�n� �t�o� �p�o�i�s�s�o�n ��s� �r�a�t�i�o�.� �T�h�i�s� �c�a�u�s�e�s� 

�a� �l�o�s�s� �o�f� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a�.� 

�3�.�3�.�6�.�1� �M�i�c�r�o�s�c�o�p�i�c� �Y�i�e�l�d�i�n�g� 

�P�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �i�n� �m�e�t�a�l�s� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �d�i�s�l�o�c�a�t�i�o�n�s� �t�h�r�o�u�g�h� �t�h�e� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�7



� � � � � � � � 

� � 
�F�i�g�u�r�e� �2�5�.� �F�o�r�m�s� �o�f� �y�i�e�l�d�i�n�g� �a�,� �n�e�c�k�i�n�g�;� �b�,� �i�n�c�l�i�n�e�d� �n�e�c�k�i�n�g�;� �c�,� �s�h�e�a�r� �b�a�n�d�i�n�g� �[�6�6�]�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�8



�c�r�y�s�t�a�l�l�i�n�e� �m�a�t�r�i�x�.� �T�h�e�s�e� �d�i�s�l�o�c�a�t�i�o�n�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �r�a�n�d�o�m�l�y� �s�p�a�c�e�d�,� �p�r�o�d�u�c�i�n�g� �r�e�l�a�t�i�v�e�l�y� 

�h�o�m�o�g�e�n�e�o�u�s� �y�i�e�l�d�i�n�g�.� 

�P�l�a�s�t�i�c�s� �h�o�w�e�v�e�r�,� �d�e�f�o�r�m� �i�n� �v�e�r�y� �l�o�c�a�l�i�z�e�d� �r�e�g�i�o�n�s� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �i�n�h�o�m�o�g�e�n�e�o�u�s� �d�e�-� 

�f�o�r�m�a�t�i�o�n�.� �T�h�i�s� �i�s� �m�o�s�t� �e�v�i�d�e�n�t� �i�n� �t�h�e� �p�o�l�y�m�e�r ��s� �p�l�a�s�t�i�c� �o�r� �d�a�m�a�g�e� �z�o�n�e� �p�r�o�c�e�e�d�i�n�g� �a� �c�r�a�c�k� 

�t�i�p�.� �T�w�o� �i�n�h�o�m�o�g�e�n�e�o�u�s� �d�e�f�o�r�m�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �o�c�c�u�r� �w�i�t�h�i�n� �t�h�i�s� �z�o�n�e�,� �s�h�e�a�r� �b�a�n�d�i�n�g� �a�n�d� 

�c�r�a�z�i�n�g�.� �B�o�t�h� �a�r�e� �h�i�g�h�l�y� �l�o�c�a�l�i�z�e�d� �a�n�d� �t�e�n�d� �t�o� �b�l�u�n�t� �t�h�e� �c�r�a�c�k� �t�i�p� �l�e�a�d�i�n�g� �t�o� �a� �t�o�u�g�h�e�n�i�n�g� �o�f� 

�t�h�e� �m�a�t�e�r�i�a�l�.� 

�S�h�e�a�r� �b�a�n�d�i�n�g� �i�s� �t�h�e� �s�t�r�o�n�g�e�r� �t�o�u�g�h�e�n�i�n�g� �m�e�c�h�a�n�i�s�m� �o�f� �t�h�e� �t�w�o�[�6�7�]�.� �A�s� �i�m�p�l�i�e�d� �b�y� �i�t�s� 

�n�a�m�e�,� �s�h�e�a�r� �b�a�n�d�i�n�g� �i�n�v�o�l�v�e�s� �t�h�e� �s�h�i�f�t�i�n�g� �o�r� �s�h�e�a�r�i�n�g� �o�f� �o�n�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �m�a�t�e�r�i�a�l� �r�e�l�a�t�i�v�e� 

�t�o� �a�n�o�t�h�e�r�.� �T�h�i�s� �o�c�c�u�r�s� �a�l�o�n�g� �t�h�e� �p�l�a�n�e� �o�f� �m�a�x�i�m�u�m� �s�h�e�a�r�.� �T�h�i�s� �i�s� �g�e�n�e�r�a�l�l�y� �a�t� �a� �+�4�5� �d�e�g�r�e�e� 

�a�n�g�l�e� �t�o� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s�[�4�]�.� �T�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �n�e�c�e�s�s�a�r�y� �t�o� �f�o�r�m� �s�h�e�a�r� �b�a�n�d�s� �i�s� �n�o�t� �w�e�l�l� 

�u�n�d�e�r�s�t�o�o�d�.� �B�o�w�d�e�n�[�6�6�]� �h�a�s� �s�t�a�t�e�d� �t�h�a�t� �s�h�e�a�r� �b�a�n�d�s� �f�o�r�m� �u�n�d�e�r� �p�l�a�i�n� �s�t�r�a�i�n� �w�h�i�l�e� �K�r�a�m�e�r�[�6�8�]� 

�h�a�s� �r�e�p�o�r�t�e�d� �s�h�e�a�r� �b�a�n�d�i�n�g� �o�c�c�u�r�r�i�n�g� �u�n�d�e�r� �p�l�a�n�e� �s�t�r�e�s�s�.� 

�T�w�o� �t�y�p�e�s� �o�r� �s�i�z�e�s� �o�f� �s�h�e�a�r� �b�a�n�d�s� �a�r�e� �f�o�u�n�d� �i�n� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s�.� �M�i�c�r�o�s�h�e�a�r� �b�a�n�d�s� 

�a�r�e� �t�h�i�n� �s�t�r�i�p�s�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�5� �u�m� �i�n� �t�h�i�c�k�n�e�s�s�,� �o�f� �h�i�g�h�l�y� �d�e�f�o�r�m�e�d� �m�a�t�e�r�i�a�l�.� �T�h�e� �s�t�r�a�i�n� �i�n� 

�t�h�e�s�e� �s�t�r�i�p�s� �c�a�n� �b�e� �a�s� �m�u�c�h� �a�s� �2�.�5� �t�i�m�e�s� �t�h�e� �s�t�r�a�i�n� �i�n� �t�h�e� �b�u�l�k� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�[�6�8�,�6�9�]�.� �T�h�e�s�e� 

�b�a�n�d�s� �u�s�u�a�l�l�y� �o�n�l�y� �a�c�c�o�m�p�a�n�y� �b�r�i�t�t�l�e� �f�r�a�c�t�u�r�e�.� 

�D�i�f�f�u�s�e� �b�a�n�d�s� �o�r� �d�i�f�f�u�s�e� �z�o�n�e�s� �a�r�e� �m�u�c�h� �l�a�r�g�e�r� �r�e�g�i�o�n�s� �o�f� �s�h�e�a�r�,� �u�p� �t�o� �0�.�5� �m�m� �i�n� �t�h�i�c�k�-� 

�n�e�s�s�.� �T�h�e� �s�t�r�a�i�n� �i�s� �o�n�l�y� �a� �f�e�w� �p�e�r�c�e�n�t� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �b�u�l�k� �m�a�t�e�r�i�a�l�[�6�9�]�.� �T�h�i�s� �s�h�e�a�r�i�n�g� 

�i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�u�c�t�i�l�e� �b�e�h�a�v�i�o�r� �a�n�d� �i�s� �u�s�u�a�l�l�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �e�n�e�r�g�y� �d�i�s�-� 

�s�i�p�a�t�i�o�n� �d�u�r�i�n�g� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �o�f� �t�o�u�g�h� �p�l�a�s�t�i�c�s�.� 

�T�h�e� �c�o�n�d�i�t�i�o�n�s� �n�e�c�e�s�s�a�r�y� �t�o� �f�o�r�m� �s�h�e�a�r� �b�a�n�d�s�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �w�h�i�c�h� �d�e�t�e�r�-� 

�m�i�n�e� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �b�a�n�d�s�,� �a�r�e� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�o�l�y�m�e�r ��s� �a�b�i�l�i�t�y� �t�o� �s�t�r�a�i�n� �s�o�f�t�e�n�.� �C�o�n�-� 

�d�i�t�i�o�n�s� �w�h�i�c�h� �i�n�h�i�b�i�t� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �p�r�o�m�o�t�e� �m�i�c�r�o�s�h�e�a�r� 

�b�a�n�d�i�n�g�.� �H�o�w�e�v�e�r�,� �c�o�n�d�i�t�i�o�n�s� �w�h�i�c�h� �i�n�c�r�e�a�s�e� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� �a�n�d� �t�h�u�s� �d�e�c�r�e�a�s�e� �t�h�e� �y�i�e�l�d� 

�s�t�r�e�s�s�,� �s�u�c�h� �a�s� �q�u�e�n�c�h�i�n�g� �t�h�e� �p�o�l�y�m�e�r� �f�r�o�m� �t�h�e� �m�e�l�t�,� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�,� �o�r� �l�o�w� �s�t�r�a�i�n� �r�a�t�e�s�,� 

�p�r�o�m�o�t�e� �t�h�e� �m�o�r�e� �u�n�i�f�o�r�m� �s�h�e�a�r� �a�s� �s�e�e�n� �i�n� �t�h�e� �d�i�f�f�u�s�e� �b�a�n�d�s�[�6�6�,� �7�0�]�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �6�9



�K�r�a�m�e�r�[�7�1�,�7�2�]� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �d�i�f�f�u�s�e� �z�o�n�e� �d�e�f�o�r�m�a�t�i�o�n� �i�s� �v�i�s�c�o�e�l�a�s�t�i�c� �i�n� �n�a�t�u�r�e�.� 

�K�r�a�m�e�r�[�6�8�]� �h�a�s� �f�u�r�t�h�e�r� �r�e�p�o�r�t�e�d� �t�h�a�t� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �p�o�l�y�m�e�r�i�c� �c�h�a�i�n�s� �c�o�u�l�d� �n�o�t� �b�e� �d�e�-� 

�t�e�c�t�e�d� �i�n� �m�i�c�r�o�s�h�e�a�r� �b�a�n�d�s� �o�f� �p�o�l�y�s�t�y�r�e�n�e�.� 

�3�.�3�.�6�.�2� �C�r�a�z�i�n�g� 

�C�r�a�z�i�n�g� �i�s� �a� �v�i�s�c�o�e�l�a�s�t�i�c� �f�o�r�m� �o�f� �d�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �p�r�e�c�e�d�e�s� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �i�n� �m�o�s�t� 

�g�l�a�s�s�y� �t�h�e�r�m�o�p�l�a�s�t�i�c�s�.� �S�h�e�a�r� �b�a�n�d�i�n�g� �a�n�d� �c�r�a�z�i�n�g� �a�r�e� �g�e�n�e�r�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �c�o�m�p�e�t�i�t�i�v�e� 

�f�o�r�m�s� �o�f� �y�i�e�l�d�i�n�g�,� �b�u�t� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �o�c�c�u�r� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �o�n�e� �a�n�o�t�h�e�r�[�7�3�,�7�4�]�.� 

�C�r�a�z�i�n�g� �i�n�i�t�i�a�t�e�s� �b�y� �t�h�e� �c�a�v�i�t�a�t�i�o�n� �o�f� �m�a�t�e�r�i�a�l� �s�u�r�r�o�u�n�d�i�n�g� �m�i�c�r�o�s�i�z�e�d� �d�i�r�t� �p�a�r�t�i�c�l�e�s� �a�t� �o�r� 

�n�e�a�r� �a� �c�r�a�c�k� �t�i�p�.� �T�h�e� �c�a�v�i�t�a�t�i�o�n� �i�s� �c�a�u�s�e�d� �b�y� �t�h�e� �h�i�g�h� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s�e�s� �w�h�i�c�h� �a�r�e� �f�o�r�m�e�d� 

�i�n� �f�r�o�n�t� �o�f� �t�h�e� �c�r�a�c�k� �t�i�p�.� �G�e�n�t�[�7�5�]� �h�a�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �c�a�v�i�t�a�t�i�o�n� �i�s� �p�r�o�c�e�d�e�d� �b�y� �a� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� 

�g�l�a�s�s�y� �t�o� �r�u�b�b�e�r�y� �b�e�h�a�v�i�o�r�.� �T�h�e� �c�a�v�i�t�a�t�i�o�n� �p�r�o�d�u�c�e�s� �a� �t�h�i�n� �s�h�e�e�t� �o�f� �m�i�c�r�o�v�o�i�d�s�,� �u�s�u�a�l�l�y� �w�i�t�h�i�n� 

�t�h�e� �p�l�a�n�e� �o�f� �f�r�a�c�t�u�r�e�,� �n�o�r�m�a�l� �t�o� �t�h�e� �a�p�p�l�i�e�d� �l�o�a�d� �(�F�i�g�u�r�e� �2�6�)�.� 

�P�o�l�y�m�e�r�s� �w�h�i�c�h� �h�a�v�e� �l�o�w� �y�i�e�l�d� �s�t�r�e�s�s�e�s�,� �u�s�u�a�l�l�y� �y�i�e�l�d� �b�y� �s�h�e�a�r� �b�a�n�d�i�n�g� �b�e�f�o�r�e� �t�h�e� �c�r�i�t�-� 

�i�c�a�l� �h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s� �f�o�r� �c�a�v�i�t�a�t�i�o�n� �i�s� �r�e�a�c�h�e�d�.� �V�a�r�i�a�b�l�e�s� �w�h�i�c�h� �l�o�w�e�r� �y�i�e�l�d� �s�t�r�e�s�s�,� �s�u�c�h� �a�s� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e�,� �w�i�l�l� �s�u�p�p�r�e�s�s� �c�r�a�z�i�n�g�.� �I�n�c�r�e�a�s�e�d� �p�r�e�s�s�u�r�e�,� �w�h�i�c�h� �c�o�u�n�t�e�r�b�a�l�-� 

�a�n�c�e�s� �h�y�d�r�o�s�t�a�t�i�c� �t�e�n�s�i�l�e� �s�t�r�e�s�s�,� �a�l�s�o� �s�u�p�p�r�e�s�s�e�s� �c�r�a�z�i�n�g�[�7�6�,�/�7�]�.� 

�A�f�t�e�r� �c�a�v�i�t�a�t�i�o�n�,� �t�h�e� �s�t�r�e�s�s� �s�t�a�t�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �b�e�t�w�e�e�n� �t�h�e� �v�o�i�d�s� �t�r�a�n�s�f�o�r�m�s� �f�r�o�m� �p�l�a�n�e� 

�s�t�r�a�i�n� �t�o� �p�l�a�n�e� �s�t�r�e�s�s� �d�u�e� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �f�r�e�e� �s�u�r�f�a�c�e�s�.� �T�h�i�s� �c�h�a�n�g�e� �a�l�l�o�w�s� �t�h�e� �m�a�t�e�r�i�a�l� 

�t�o� �n�e�c�k� �a�n�d� �c�r�e�e�p� �u�n�d�e�r� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s�,� �f�o�r�m�i�n�g� �p�o�l�y�m�e�r� �f�i�l�a�m�e�n�t�s� �k�n�o�w�n� �a�s� �f�i�b�r�i�l�s�[�7�8�]�.� 

�A�s� �t�h�e� �f�i�b�r�i�l�s� �c�r�e�e�p�,� �p�o�l�y�m�e�r� �f�r�o�m� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �b�u�l�k� �i�n�t�e�r�f�a�c�e� �i�s� �d�r�a�w�n� �i�n�t�o� �t�h�e� �f�i�b�r�i�l�s�[�7�9�,�8�0�]�.� 

�A�t� �m�a�x�i�m�u�m� �e�x�t�e�n�s�i�o�n�,� �t�h�e� �f�i�b�r�i�l�s� �m�a�y� �e�l�o�n�g�a�t�e� �4�0�0� �p�e�r�c�e�n�t� �w�i�t�h� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �b�u�l�k� �m�a�t�e�-� 

�r�i�a�l� �e�l�o�n�g�a�t�i�n�g� �u�p� �t�o� �2�0�0� �p�e�r�c�e�n�t�[�6�8�,�8�2�]�.� �N�e�a�r� �t�h�e� �c�r�a�c�k� �t�i�p�,� �t�h�e� �c�r�a�z�e� �m�a�y� �r�e�a�c�h� �a� �t�h�i�c�k�n�e�s�s� 

�o�f� �5� �t�o� �1�0� �u�m�[�3�,�7�9�]� �w�i�t�h� �t�h�e� �f�i�b�r�i�l�s� �h�a�v�i�n�g� �a� �d�i�a�m�e�t�e�r� �o�f� �5�0� �n�m�[�8�0�]�.� 

�T�h�e� �c�a�v�i�t�a�t�i�o�n� �a�n�d� �f�i�b�r�i�l�l�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �a�l�s�o� �e�x�t�e�n�d� �t�h�e� �m�i�c�r�o�v�o�i�d�s� �t�o� �c�r�e�a�t�e� �l�a�r�g�e� �s�u�r�-� 

�f�a�c�e� �a�r�e�a�s�.� �A�t� �m�a�x�i�m�u�m� �e�x�t�e�n�s�i�o�n�,� �a� �c�r�a�z�e� �m�a�y� �c�o�n�s�i�s�t� �o�f� �6�0� �p�e�r�c�e�n�t� �v�o�i�d�s�[�8�2�]� �a�n�d� �h�a�v�e� �a� 

�s�u�r�f�a�c�e� �a�r�e�a� �o�f� �1�0�°� �m�?�/�m�?� �[�8�3�]�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�0
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�d�s� �f�r�o�m� �c�a�v�i�t�a�t�i�o�n� �a�n�d� �f�i�b�r�i�l�s� �[�8�1�]� �i�n�g� �v�o�i� �C�r�a�z�e� �p�o�s�s�e�s�s� �F�i�g�u�r�e� �2�6�.� 

�7�1� �C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s



�K�r�a�m�e�r�[�6�8�,�8�0�]� �h�a�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� �l�a�r�g�e� �e�x�t�e�n�s�i�o�n� �r�a�t�i�o�s� �o�f� �t�h�e� �f�i�b�r�i�l�s� �c�a�n� �o�n�l�y� �b�e� 

�a�c�h�i�e�v�e�d� �b�y� �t�h�e� �c�h�a�i�n� �s�c�i�s�s�i�o�n� �o�r� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �e�n�t�a�n�g�l�e�d� �p�o�l�y�m�e�r�i�c� �c�h�a�i�n�s�.� �F�o�r� 

�p�o�l�y�s�t�y�r�e�n�e�[�6�8�]� �h�e� �r�e�p�o�r�t�s� �a� �b�r�e�a�k�d�o�w�n�,� �m�a�i�n�l�y� �f�r�o�m� �c�h�a�i�n� �s�c�i�s�s�i�o�n�,� �o�f� �2�5� �t�o� �5�0� �p�e�r�c�e�n�t� �o�f� 

�e�n�t�a�n�g�l�e�d� �c�h�a�i�n�s�.� �P�e�n�t�i�c�e�[�8�4�]� �h�a�s� �p�r�o�p�o�s�e�d� �t�h�a�t� �v�a�r�i�a�b�l�e�s� �w�h�i�c�h� �r�e�d�u�c�e� �c�h�a�i�n� �m�o�b�i�l�i�t�y�,� �l�e�a�d� 

�t�o� �c�h�a�i�n� �s�c�i�s�s�i�o�n� �o�v�e�r� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �h�i�g�h� �c�r�e�e�p� �r�a�t�e�s�,� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� 

�h�i�g�h� �c�r�o�s�s�l�i�n�k� �a�n�d� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t� �d�e�n�s�i�t�i�e�s�.� 

�A�s� �t�h�e� �f�i�b�r�i�l�s� �r�e�a�c�h� �t�h�e�i�r� �m�a�x�i�m�u�m� �e�x�t�e�n�s�i�o�n�,� �t�h�e�y� �b�e�g�i�n� �t�o� �f�a�i�l� �t�h�e�r�e�b�y� �l�i�n�k�i�n�g� �u�p� �t�h�e� 

�m�i�c�r�o�v�o�i�d�s�.� �W�h�e�n� �a� �s�u�f�f�i�c�e�n�t� �n�u�m�b�e�r� �o�f� �m�i�c�r�o�v�o�i�d�s� �a�r�e� �c�o�m�b�i�n�e�d�,� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� 

�o�c�c�u�r�s�[�6�8�]�.� 

�T�h�e� �d�r�a�w�i�n�g� �a�n�d� �c�r�e�e�p�i�n�g� �p�r�o�c�e�s�s� �a�b�s�o�r�b�s� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �s�t�r�a�i�n� �e�n�e�r�g�y�,� �t�o�u�g�h�e�n�i�n�g� 

�t�h�e� �m�a�t�e�r�i�a�l�.� �P�a�n�g� �a�n�d� �c�o�w�o�r�k�e�r�s�[�8�5�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �a� �c�r�a�z�e�d� �r�e�g�i�o�n� �i�n� �p�o�l�y�s�t�y�r�e�n�e� �o�r� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �d�i�s�s�i�p�a�t�e�s� �5�0� �t�i�m�e�s� �m�o�r�e� �e�n�e�r�g�y� �d�u�r�i�n�g� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �t�h�a�n� �a� �n�o�n�-�c�r�a�z�e�d� 

�r�e�g�i�o�n�.� �T�h�e� �e�n�e�r�g�y� �i�s� �m�a�i�n�l�y� �d�i�s�s�i�p�a�t�e�d� �i�n� �t�h�e� �f�o�r�m� �o�f� �h�e�a�t� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �v�i�s�c�o�u�s� �f�l�o�w� �o�f� 

�t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �D�o�l�l�[�8�2�]� �h�a�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �6�0� �p�e�r�c�e�n�t� �o�f� �t�h�e� �e�n�e�r�g�y� �l�o�s�s� �o�c�c�u�r�s� �f�r�o�m� 

�d�r�a�w�i�n�g� �w�i�t�h� �t�h�e� �r�e�m�a�i�n�i�n�g� �3�0� �t�o� �4�0� �p�e�r�c�e�n�t� �o�c�c�u�r�i�n�g� �d�u�r�i�n�g� �c�r�e�e�p�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� 

�e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �d�e�p�e�n�d�s� �o�n� �t�h�e� �e�x�t�e�n�t� �t�o� �w�h�i�c�h� �t�h�e� �c�h�a�i�n�s� �c�a�n� �f�l�o�w� �p�a�s�t� �o�n�e� �a�n�o�t�h�e�r�.� 

�V�a�r�i�a�b�l�e�s� �w�h�i�c�h� �r�e�s�t�r�i�c�t� �f�l�o�w� �s�u�c�h� �a�s� �h�i�g�h� �s�t�r�a�i�n� �r�a�t�e�s�,� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� �o�r� �h�i�g�h� 

�e�n�t�a�n�g�l�e�m�e�n�t� �a�n�d� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�i�e�s�,� �d�e�c�r�e�a�s�e� �t�h�e� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�e� �c�r�a�z�e� �a�n�d� �l�e�s�s�e�n� �i�t�s� 

�t�o�u�g�h�e�n�i�n�g� �m�e�c�h�a�n�i�s�m�.� 

�P�r�e�n�t�i�c�e�[�8�4�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �f�l�o�w� �a�n�d� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n� �c�o�u�l�d� 

�b�e� �d�e�t�e�r�m�i�n�e�d� �u�t�i�l�i�z�i�n�g� �t�h�e� �r�e�p�t�a�t�i�o�n� �t�h�e�o�r�y�.� �R�e�p�t�a�t�i�o�n� �t�h�e�o�r�y� �p�r�e�d�i�c�t�s� �t�h�a�t� �f�l�o�w� �r�a�t�e� �d�e�-� 

�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �e�n�t�a�n�g�l�e�m�e�n�t� �d�e�n�s�i�t�y�.� �A�t� 

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �s�t�r�a�i�n� �r�a�t�e�s� �t�h�e� �e�n�t�a�n�g�l�e�m�e�n�t�s� �a�r�e� �f�r�o�z�e�n� �i�n�t�o� �p�o�s�i�t�i�o�n�,� �f�o�r�c�i�n�g� �t�h�e� �c�h�a�i�n�s� �t�o� 

�u�n�d�e�r�g�o� �s�c�i�s�s�i�o�n� �r�e�d�u�c�i�n�g� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n�.� �A�t� �r�e�l�a�t�i�v�e�l�y� �s�l�o�w� �s�t�r�a�i�n� �r�a�t�e�s� �o�r� �h�i�g�h� �t�e�m�p�e�r�-� 

�a�t�u�r�e�s�,� �d�i�s�e�n�t�a�n�g�i�e�m�e�n�t� �i�s� �a�l�l�o�w�e�d�.� �T�h�i�s� �m�a�x�i�m�i�z�e�s� �t�h�e� �e�l�o�n�g�a�t�i�o�n� �a�n�d� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �e�n�t�a�n�g�l�e�m�e�n�t�s� �a�r�e� �n�e�e�d�e�d�,� �s�i�n�c�e� �t�h�e�y� �s�t�a�b�i�l�i�z�e� �t�h�e� �f�i�b�r�i�l�s� �b�y� �g�e�n�e�r�a�t�i�n�g� �m�e�c�h�a�n�i�c�a�l� 

�i�n�t�e�g�r�i�t�y�[�8�0�}�.� �T�r�u�o�n�g�,� �A�l�l�e�n� �a�n�d� �W�i�l�l�i�a�m�s�[�8�6�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�r�e�e� �o�r�d�e�r�s� �o�f� 

�m�a�g�n�i�t�u�d�e� �i�n� �t�h�e� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �a�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�a�s� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �M�e�.�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�2



�3�.�4� �T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� 

�3�.�4�.�1� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� �E�f�f�e�c�t� 

�T�h�e� �s�t�r�e�s�s� �a�t� �b�r�e�a�k� �o�f� �m�a�t�e�r�i�a�l� �f�r�a�c�t�u�r�i�n�g� �i�n� �t�h�e� �r�e�a�l�m� �o�f� �e�l�a�s�t�i�c� �r�e�s�p�o�n�s�e�,� �i�s� �r�e�f�e�r�r�e�d� �t�o� 

�a�s� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�.� �F�o�r� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s�,� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� 

�a�n�d� �t�h�e�n� �p�l�a�t�e�a�u� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �B�e�l�o�w� �t�h�e� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� 

�M�e�,� �t�h�e� �r�a�t�e� �o�f� �i�n�c�r�e�a�s�e� �i�s� �s�l�o�w�.� �H�o�w�e�v�e�r�,� �a�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s� �a�b�o�v�e� �M�e�,� �t�h�e� �r�a�t�e� 

�a�t� �w�h�i�c�h� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�s�,� �i�n�c�r�e�a�s�e�s� �d�r�a�m�a�t�i�c�a�l�l�y�.� �T�h�i�s� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �r�a�t�e� �h�a�s� 

�b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s�[�8�7�]�.� �A�t� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�,� �t�e�n�s�i�l�e� 

�s�t�r�e�n�g�t�h� �l�e�v�e�l�s� �o�f�f� �t�o� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e�.� �T�y�p�i�c�a�l�l�y�,� �p�o�l�a�r� �p�o�l�y�m�e�r�s� �r�e�a�c�h� �t�h�i�s� �p�l�a�t�e�a�u� �l�e�v�e�l� �a�t� 

�a� �l�o�w�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �t�h�a�n� �n�o�n�-�p�o�l�a�r� �p�o�l�y�m�e�r�s�[�8�8�]�.� �T�h�e� �p�l�a�t�e�a�u� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�s� �f�o�r� �v�a�r�-� 

�i�o�u�s� �p�o�l�y�m�e�r�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.� 

�3�.�4�.�2� �T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� �T�h�e�o�r�i�e�s� 

�M�o�s�t� �m�o�d�e�r�n� �t�h�e�o�r�i�e�s� �o�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �b�e�h�a�v�i�o�r� �o�f� �a� �p�o�l�y�m�e�r� �d�u�r�i�n�g� �f�r�a�c�t�u�r�e� �r�e�l�a�t�e� �t�h�e� 

�p�o�l�y�m�e�r ��s� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �l�o�a�d� �c�a�r�r�y�i�n�g� �p�o�l�y�m�e�r�i�c� �s�e�g�m�e�n�t�s� �c�r�o�s�s�i�n�g� �t�h�e� 

�f�r�a�c�t�u�r�e� �p�l�a�n�e�.� �T�h�i�s� �w�a�s� �f�i�r�s�t� �p�r�o�p�o�s�e�d� �b�y� �V�i�n�c�e�n�t� �i�n� �1�9�7�2�[�2�4�]�.� 

�H�e� �h�a�d� �p�r�e�v�i�o�u�s�l�y� �r�e�p�o�r�t�e�d�[�8�9�]� �t�h�a�t� �b�u�l�k�y� �s�i�d�e� �g�r�o�u�p�s� �l�o�w�e�r�e�d� �a� �p�o�l�y�m�e�r ��s� �t�e�n�s�i�l�e� 

�s�t�r�e�n�g�t�h�.� �H�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�i�d�e� �g�r�o�u�p�s� �b�r�o�k�e� �u�p� �t�h�e� �p�a�c�k�i�n�g� �o�f� �t�h�e� �c�h�a�i�n�s� �a�n�d� �l�o�w�e�r�e�d� 

�t�h�e� �n�u�m�b�e�r� �o�f� �c�h�a�i�n�s� �p�e�r� �u�n�i�t� �a�r�e�a� �c�r�o�s�s�i�n�g� �t�h�e� �f�r�a�c�t�u�r�e� �p�l�a�n�e�.� �E�x�t�e�n�d�i�n�g� �t�h�i�s� �t�h�e�o�r�y� �t�o� �1�3� 

�h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�r�s� �o�f� �v�a�r�i�o�u�s� �s�t�r�u�c�t�u�r�e�s�,� �h�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r ��s� 

�m�o�l�e�c�u�l�a�r� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a� �(�M�C�S�A�)� 

�w�e�i�g�h�t� �o�f� �a� �r�e�p�e�a�t� �u�n�i�t� 

�M�C�S�A� �=� �(�s�a�m�p�l�e� �d�e�n�s�i�t�y�)�(�l�e�n�g�t�h� �o�f� �a� �r�e�p�e�a�t� �u�n�i�t�)� �[�3�.�1�2�]� 
� � 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�3



�w�a�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �c�r�i�t�i�c�a�l� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�.� 

�A�d�o�l�f�,� �T�i�r�r�e�l�l� �a�n�d� �P�r�a�g�e�r�[�9�0�]� �e�x�p�a�n�d�e�d� �V�i�n�c�e�n�t ��s� �w�o�r�k� �t�o� �i�n�c�l�u�d�e� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�e�-� 

�p�e�n�d�e�n�c�e� �u�p�o�n� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�.� �T�h�e�y� �p�r�o�p�o�s�e�d� �t�h�a�t� �o�n�l�y� �t�h�e� �c�h�a�i�n� �s�e�g�m�e�n�t�s� �w�h�i�c�h� �w�e�r�e� 

�a�n�c�h�o�r�e�d� �o�n� �b�o�t�h� �s�i�d�e�s� �o�f� �t�h�e� �f�r�a�c�t�u�r�e� �p�l�a�n�e� �b�y� �e�n�t�a�n�g�l�e�m�e�n�t�s� �c�o�u�l�d� �e�f�f�e�c�t�i�v�e�l�y� �s�u�p�p�o�r�t� �p�a�r�t� 

�o�f� �t�h�e� �l�o�a�d�.� �S�i�n�c�e� �t�h�e�y� �a�s�s�u�m�e�d� �t�h�a�t� �o�n�l�y� �c�h�a�i�n� �s�c�i�s�s�i�o�n� �c�a�u�s�e�d� �f�r�a�c�t�u�r�e�,� �t�h�e� �f�r�a�c�t�u�r�e� �s�t�r�e�s�s� 

�h�a�d� �t�o� �b�e� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �c�r�o�s�s�i�n�g�s�.� �T�h�i�s� �n�u�m�b�e�r� �w�o�u�l�d� �d�e�p�e�n�d� 

�u�p�o�n� �t�h�e� �d�e�n�s�i�t�y� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s� �w�h�i�c�h� �w�a�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�o�l�y�m�e�r ��s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� 

�T�h�e�y� �d�e�r�i�v�e�d� �a�n� �e�q�u�a�t�i�o�n�,� �b�a�s�e�d� �o�n� �t�h�e� �r�a�n�d�o�m� �w�a�l�k� �t�h�e�o�r�y�,� �w�h�i�c�h� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �r�a�t�i�o� 

�o�f� �a�n�c�h�o�r�e�d� �s�e�g�m�e�n�t� �c�r�o�s�s�i�n�g�s� �f�o�r� �a� �g�i�v�e�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�r� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �s�e�g�-� 

�m�e�n�t� �c�r�o�s�s�i�n�g�s� �f�o�r� �a�n� �i�n�f�i�n�i�t�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�r�.� �T�h�e�y� �a�s�s�e�r�t�e�d� �t�h�a�t� �t�h�i�s� �r�a�t�i�o� �w�a�s� 

�p�r�o�p�o�r�t�i�o�n�a�l�!� �t�o� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �t�w�o� �p�o�l�y�m�e�r�s�.� 

�N�e�t�t� �O�F� 
�N�e�r�k�o�o�)� �a� �¢�(�0�0�)� 

�w�h�e�r�e�:� 

�e�f�f� �>� �n�u�m�b�e�r� �o�f� �a�n�c�h�o�r�e�d� �c�r�o�s�s�i�n�g�s� �f�o�r� �a� �g�i�v�e�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�N�o�p�f�o�o�)� �=� �n�u�m�b�e�r� �o�f� �a�n�c�h�o�r�e�d� �c�r�o�s�s�i�n�g�s� �f�o�r� �a�n� �i�n�f�i�n�i�t�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�K� �=� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t� 

�o�,� �=� �f�r�a�c�t�u�r�e� �s�t�r�e�s�s� �f�o�r� �a� �g�i�v�e�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�o�g� �-�(�c�o�)� �=� �f�r�a�c�t�u�r�e� �s�t�r�e�s�s� �f�o�r� �a�n� �i�n�f�i�n�i�t�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�T�h�e� �n�u�m�b�e�r� �o�f� �e�f�f�e�c�t�i�v�e� �c�r�o�s�s�i�n�g�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� 

�p�l� 
�a�n�"�?� 
� � 

�N�e�r�c�o�)� �=� 

�w�h�e�r�e�:� �p� �=� �p�o�l�y�m�e�r� �d�e�n�s�i�t�y� 

�=� �s�t�a�t�i�s�t�i�c�a�l� �s�t�e�p� �l�e�n�g�t�h� 

�z
� �I�l� �n�u�m�b�e�r� �o�f� �s�t�e�p� �l�e�n�g�t�h�s� �b�e�t�w�e�e�n� �e�n�t�a�n�g�l�e�m�e�n�t�s� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� 

�[�3�.�1�3�]� 

�[�3�.�1�4�]� 

�7�4



�M�i�k�o�s� �a�n�d� �P�e�p�p�a�s�[�9�1�]� �u�s�e�d� �a� �s�i�m�i�l�a�r� �a�p�p�r�o�a�c�h� �t�o� �A�d�o�l�f� �e�t� �a�l�.� �i�n� �o�b�t�a�i�n�i�n�g� �t�h�e� �n�u�m�b�e�r� 

�o�f� �a�n�c�h�o�r�e�d� �s�e�g�m�e�n�t� �c�r�o�s�s�i�n�g�s� 

�N�a�-�K�M�n�)� �=� �N�e�k�o�o�)� �e�x�p�(�  ��2�M�e�/�M�n�)� �[�3�.�1�5�]� 

�w�h�e�r�e�:� 

�_� �2�/�3�2� �p�b�N�a� 

�e�f�f� �M�s�'�?�M�e�l�?�2� 

�p� �=� �p�o�l�y�m�e�r� �d�e�n�s�i�t�y� 

�N�a� �=� �A�v�o�g�a�d�r�o ��s� �n�u�m�b�e�r� 

�M�s� �l�i�n�k� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�M�e� 

�b� �=� �.�/�3�/�2� �C�.�,� 

�C�.�,� �=� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �r�a�t�i�o� 

�e�n�t�a�n�g�l�e�m�e�n�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�|� �=� �b�o�n�d� �l�e�n�g�t�h� 

�F�o�r� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�s�t�y�r�e�n�e�,� �N�e�a�(�c�o�)� �c�a�m�e� �t�o� �b�e� �1�.�4�6� �x� �1�0 �� �c�r�o�s�s�i�n�g�s� �p�e�r� �m�e�t�e�r� 

�s�q�u�a�r�e�d�.� �T�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �w�a�s� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �c�r�o�s�s�i�n�g�s� �s�o� �t�h�a�t� 

�o�¢�(�M�n�)� �=� �o�,�¢�(�c�0�)� �e�x�p�(�  ��2�M�e�/�M�n�)� �[�3�.�1�6�]� 

�w�h�e�r�e�:� �o�,�-� �=� �f�r�a�c�t�u�r�e� �s�t�r�e�s�s� 

�T�h�e� �t�o�t�a�l� �e�n�e�r�g�y� �a�t� �b�r�e�a�k� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �e�q�u�a�l� �t�o� �t�h�e� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �s�t�r�a�i�n� �a�n�d� �r�u�p�-� 

�t�u�r�e� �t�h�e� �b�o�n�d�s� �w�i�t�h�i�n� �t�h�e� �a�n�c�h�o�r�e�d� �s�e�g�m�e�n�t�s�.� 

�G�r� �=� �N�e�p�N�e�t�s� �[�3�.�1�7�]� 

�w�h�e�r�e�:� �N�,� �=� �l�e�n�g�t�h� �b�e�t�w�e�e�n� �e�n�t�a�n�g�l�e�m�e�n�t�s� 

�&�,� �=� �e�n�e�r�g�y� �t�o� �r�u�p�t�u�r�e� �a� �S�t�a�t�i�s�t�i�c�a�l� �s�e�g�m�e�n�t� �(�i�n�c�l�u�d�e�s� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �e�n�e�r�g�y� 

�c�h�a�n�g�e�s�)� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�5



�C�o�n�f�o�r�m�a�t�i�o�n�a�l� �e�n�e�r�g�y� �c�h�a�n�g�e�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n�t�o� �G�-� �s�i�n�c�e� �t�h�e�y� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �e�x�-� 

�t�e�n�s�i�o�n� �o�f� �t�h�e� �c�h�a�i�n�s� �a�t� �b�r�e�a�k� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �9�9� �p�e�r�c�e�n�t� �m�a�x�i�m�u�m� �e�l�o�n�g�a�t�i�o�n�.� 

�F�o�r� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e�,� �s�e�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �3�.�8� �x� �1�0�-�8� 

�J�/�b�o�n�d�.� �T�h�i�s� �i�s� �a�n� �o�r�d�e�r� �o�f� �m�a�g�n�u�t�u�d�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �b�o�n�d� �d�i�s�s�o�c�i�a�t�i�o�n� �e�n�e�r�g�y�.� �T�h�i�s� �s�u�g�-� 

�g�e�s�t�s� �t�h�a�t� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �e�n�e�r�g�i�e�s� �a�b�s�o�r�b� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �e�n�e�r�g�y� �a�t� �f�r�a�c�t�u�r�e�.� 

�3�.�5� �D�u�c�t�i�l�e� �B�r�i�t�t�l�e� �T�r�a�n�s�i�t�i�o�n� 

�T�h�e� �f�a�i�l�u�r�e� �m�e�c�h�a�n�i�s�m� �o�f� �a� �p�o�l�y�m�e�r� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �a�s� �e�i�t�h�e�r� �b�r�i�t�t�l�e� �o�r� �d�u�c�t�i�l�e�.� �B�r�i�t�t�l�e� 

�f�a�i�l�u�r�e� �o�c�c�u�r�s� �w�h�e�n� �a� �p�o�l�y�m�e�r ��s� �y�i�e�l�d� �s�t�r�e�s�s� �e�x�c�e�e�d�s� �i�t�s� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�,� �o�,� �>� �o�¢� �w�h�i�l�e� �d�u�c�t�i�l�e� 

�f�a�i�l�u�r�e� �o�c�c�u�r�s� �w�h�e�n� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �e�x�c�e�e�d�s� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s�,� �o�¢�<�o�,�.� �A�s� �h�a�s� �b�e�e�n� �d�i�s�-� 

�c�u�s�s�e�d� �i�n� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�s�,� �y�i�e�l�d� �s�t�r�e�s�s� �a�n�d� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �c�a�n� �b�e� �a�l�t�e�r�e�d�,� �i�n�d�e�p�e�n�d�e�n�t�l�y� 

�o�f� �o�n�e� �a�n�o�t�h�e�r�,� �b�y� �c�h�a�n�g�e�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e�,� �s�t�r�a�i�n� �r�a�t�e� �o�r� �t�o�p�o�l�o�g�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �y�i�e�l�d� �s�t�r�e�s�s� 

�f�o�r� �m�o�s�t� �p�o�l�y�m�e�r�s� �i�s� �s�e�e�n� �t�o� �d�e�c�r�e�a�s�e� �d�r�a�m�a�t�i�c�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �d�e�c�r�e�a�s�i�n�g� 

�s�t�r�a�i�n� �r�a�t�e�,� �w�h�i�l�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �d�e�c�r�e�a�s�e�s� �s�l�o�w�l�y� �(�F�i�g�u�r�e� �2�7�)�.� �A�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� �o�,� �>� �a�-�,� 

�s�o� �t�h�e� �m�a�t�e�r�i�a�l� �f�a�i�l�s� �b�r�i�t�t�l�e�l�y�.� �H�o�w�e�v�e�r�,� �a�s� �t�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �c�r�o�s�s�e�s� �o�v�e�r� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�,� 

�O�g� �>�,� �a�n�d� �d�u�c�t�i�l�e� �f�a�i�l�u�r�e� �o�c�c�u�r�s�.� �T�h�e� �p�o�i�n�t� �o�f� �t�r�a�n�s�i�t�i�o�n�,� �o�f� �=�o�,�,� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� 

�d�u�c�t�i�l�e�/�b�r�i�t�t�l�e� �t�r�a�n�s�i�t�i�o�n�.� �I�n� �r�e�g�a�r�d�s� �t�o� �t�o�p�o�l�o�g�y�,� �d�u�c�t�i�l�e� �p�o�l�y�m�e�r�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �f�a�i�l� 

�b�r�i�t�t�l�e�l�y� �a�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�s� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �M�e�.� �A�b�o�v�e� �M�e�,� �t�h�e� �f�a�i�l�u�r�e� �m�e�c�h�a�n�i�s�m� �o�f� 

�g�l�a�s�s�y� �p�o�l�y�m�e�r�s� �h�a�s� �b�e�e�n� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�o�l�y�m�e�r ��s� �c�h�a�i�n� �c�o�n�t�o�u�r� �l�e�n�g�t�h� �b�e�t�w�e�e�n� 

�e�n�t�a�n�g�l�e�m�e�n�t�s� �a�n�d� �t�h�e� �c�h�a�i�n ��s� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a�[�9�2�]�.� �S�h�a�r�p� �n�o�t�c�h�e�s� �c�a�n� �a�l�s�o� �i�n�d�u�c�e� �b�r�i�t�t�l�e� 

�f�r�a�c�t�u�r�e� �f�r�o�m� �a� �d�u�c�t�i�l�e� �p�o�l�y�m�e�r� �s�i�n�c�e� �t�h�e�y� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �y�i�e�l�d� �s�t�r�e�s�s� �b�y� �a� 

�f�a�c�t�o�r� �o�f� �t�h�r�e�e�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�6
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�F�i�g�u�r�e� �2�7�.� �S�t�r�e�s�s� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �c�u�r�v�e�s� �d�e�m�o�n�s�t�r�a�t�i�n�g� �d�u�c�t�i�l�e� �b�r�i�t�t�l�e� �t�r�a�n�s�i�t�i�o�n� �[�3�7�]�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�7



�3�.�6� �F�r�a�c�t�u�r�e� �T�o�u�g�h�n�e�s�s� 

�T�a�b�l�e� �2� �s�h�o�w�s� �t�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�i�e�s� �a�l�o�n�g� �w�i�t�h� �s�o�m�e� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�-� 

�l�e�a�s�e� �r�a�t�e�s� �f�o�r� �a� �n�u�m�b�e�r� �o�f� �p�o�l�y�m�e�r�s� �t�e�s�t�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�s�i�n�g� �m�o�d�e�r�a�t�e� �s�t�r�a�i�n� �r�a�t�e�s�.� 

�T�h�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �v�a�l�u�e�s� �f�o�r� �a� �f�e�w� �m�e�t�a�l� �a�l�l�o�y�s� �a�n�d� �g�l�a�s�s� �a�r�e� �i�n�c�l�u�d�e�d�.� 

�R�i�g�i�d� �a�n�d� �b�r�i�t�t�l�e� �p�o�l�y�m�e�r�s� �s�u�c�h� �a�s� �t�h�e� �e�p�o�x�y� �r�e�s�i�n�s�,� �p�o�l�y�m�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� 

�p�o�l�y�s�t�y�r�e�n�e� �e�x�h�i�b�i�t� �t�h�e� �l�o�w�e�s�t� �t�o�u�g�h�n�e�s�s� �v�a�l�u�e�s�,� �(�K�i�,� �<� �1�.�5� �M�P�a� �m ��)�.� �D�u�c�t�i�l�e� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� 

�s�u�c�h� �a�s� �p�o�l�y�s�u�l�f�o�n�e� �a�n�d� �p�o�l�y�c�a�r�b�o�n�a�t�e� �p�o�s�s�e�s�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�o�u�g�h�n�e�s�s� �v�a�l�u�e�s�,� �(�K�y�,� 

�>� �1�.�5� �M�P�a� �m � ��?�)�.� �I�n� �c�o�m�p�a�r�i�s�o�n� �t�o� �m�e�t�a�l�s�,� �h�o�w�e�v�e�r�,� �s�u�c�h� �a�s� �a�l�u�m�i�n�u�m� �a�n�d� �t�i�t�a�n�i�u�m� �a�l�l�o�y�s�,� 

�e�v�e�n� �t�h�e� �d�u�c�t�i�l�e� �p�o�l�y�m�e�r�s� �a�r�e� �r�e�l�a�t�i�v�e�l�y� �b�r�i�t�t�l�e�.� 

�3�.�6�.�1� �V�i�s�c�o�e�l�a�s�t�i�c� �E�f�f�e�c�t�s� 

�F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�,� �l�i�k�e� �m�a�n�y� �o�f� �t�h�e� �o�t�h�e�r� �p�o�l�y�m�e�r�i�c� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�,� �i�s� �d�e�p�e�n�d�-� 

�e�n�t� �o�n� �v�i�s�c�o�e�l�a�s�t�i�c� �p�a�r�a�m�e�t�e�r�s�.� �B�i�t�n�e�r� �a�n�d� �c�o�w�o�r�k�e�r�s�[�9�3�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n�c�r�e�a�s�i�n�g� �t�e�s�t� 

�s�p�e�e�d�s� �d�e�c�r�e�a�s�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�s�.� �T�h�e� �r�e�a�s�o�n� �b�e�h�i�n�d� �t�h�i�s� �d�e�c�r�e�a�s�e� �i�s� 

�t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �a�c�c�o�m�p�a�n�i�e�s� �i�n�c�r�e�a�s�e�d� �s�t�r�a�i�n� 

�r�a�t�e�s�.� �P�r�e�n�t�i�c�e�[�8�4�]�,� �s�t�u�d�y�i�n�g� �t�h�e� �t�o�u�g�h�e�n�i�n�g� �e�f�f�e�c�t� �o�f� �c�r�a�z�e�s� �i�n� �P�M�M�A�,� �r�e�p�o�r�t�e�d� �t�h�a�t� 

�t�o�u�g�h�n�e�s�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�r�a�i�n� �r�a�t�e� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �t�i�m�e� �a�l�l�o�w�e�d� �t�o� �f�o�r�m� 

�t�h�e� �c�r�a�z�e�s�.� �H�e� �b�e�l�i�e�v�e�d� �t�h�a�t� �f�a�s�t� �s�t�r�a�i�n� �r�a�t�e�s� �g�r�e�a�t�l�y� �l�i�m�i�t�e�d� �t�h�e� �d�i�s�e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �c�h�a�i�n�s� 

�t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �p�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �f�o�r�c�i�n�g� �t�h�e� �c�h�a�i�n�s� �t�o� �u�n�d�e�r�g�o� �c�h�a�i�n� 

�s�c�i�s�s�i�o�n�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �i�s� �i�n�c�o�n�c�l�u�s�i�v�e�.� �W�a�r�d�[�9�4�]� �r�e�p�o�r�t�e�d� �t�h�a�t� 

�t�h�e� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �f�o�r� �p�o�l�y�c�a�r�b�o�n�a�t�e� �u�n�d�e�r� �a� �p�l�a�n�e� �s�t�r�a�i�n� �c�o�n�d�i�t�i�o�n� �m�o�d�-� 

�e�s�t�l�y� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �U�n�d�e�r� �a� �p�l�a�n�e� �s�t�r�e�s�s� �c�o�n�d�i�t�i�o�n�,� �h�o�w�e�v�e�r�,� �G�i�,� 

�r�e�m�a�i�n�e�d� �c�o�n�s�t�a�n�t� �b�e�t�w�e�e�n� �-�3�0� �°�C� �t�o� �2�0� �°�C�.� �H�u�n�s�t�o�n�[�9�5�]� �h�a�s� �p�r�e�s�e�n�t�e�d� �d�a�t�a� �w�h�i�c�h� �i�m�p�l�i�e�s� �a� 

�m�a�x�i�m�u�m� �i�n� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �c�a�n� �e�x�i�s�t� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a�d�h�e�s�i�v�e� �b�o�n�d�s�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �7�8



�T�a�b�l�e� �2�.� �F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �v�a�l�u�e�s� �f�o�r� �v�a�r�i�o�u�s� �p�o�l�y�m�e�r�s� �a�n�d� �m�e�t�a�l�s� 

�M�a�t�e�r�i�a�l�s� 

�E�p�o�x�y� 
�G�l�a�s�s� 
�P�M�M�A� 
�P�o�l�y�s�t�y�r�e�n�e� 
�R�u�b�b�e�r� �t�o�u�g�h�e�n�e�d� �E�p�o�x�y� 
�H�I�P�s� 
�P�o�l�y�e�t�h�y�l�e�n�e� 
�P�o�l�y�c�a�r�b�o�n�a�t�e� 
�S�t�e�e�l� �m�i�l�d� 
�A�l�u�m�i�n�u�m� �A�l�l�o�y�s� 
�T�i�t�a�n�i�u�m� �A�l�l�o�y�s� 

�1� �M�P�a� �m�1�?� �=� �1� �M�N� �x� �m�-�3�/�2� 
�=� �0�.�9�1�0�1� �k�s�i� �i�n �� 
�=� �9�1�0�.�1� �p�s�i� �i�n ��?� 
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�F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �h�a�s� �a�l�s�o� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �d�e�p�e�n�d�e�n�t� �o�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� 

�K�r�a�m�e�r�[�9�6�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �f�o�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �l�e�s�s� �t�h�a�n� �M�e�,� �t�h�e� �f�r�a�c�t�u�r�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �i�s� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�y�o�o� �M�W�?� �M�W�<�M�e� �[�1�8�]� 

�w�h�e�r�e�:� 

�y� �=� �f�r�a�c�t�u�r�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� 

�A�b�o�v�e� �2�M�e�,� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s�[�9�7�,�9�8�]� 

�y�o�o�c�M�W�?�?� �M�W�>�2�M�e� �[�1�9�]� 

�T�h�e� �f�r�a�c�t�u�r�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �f�i�n�a�l�l�y� �p�l�a�t�e�a�u�s� �o�f�f� �a�t� �s�o�m�e� �c�e�i�l�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �P�r�e�n�t�i�c�e�[�8�4�]� 

�e�x�p�l�a�i�n�s� �t�h�e� �i�n�c�r�e�a�s�e� �o�f� �t�o�u�g�h�n�e�s�s� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �b�y� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�u�s� �e�n�e�r�g�y� 

�n�e�e�d�e�d� �t�o� �o�v�e�r�c�o�m�e� �f�r�i�c�t�i�o�n�a�l� �d�r�a�g�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �e�x�p�o�n�e�n�t� �a�s� �m�o�-� 

�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s� �b�e�y�o�n�d� �M�e� �d�e�s�c�r�i�b�e�s� �t�h�e� �a�d�d�e�d� �f�r�i�c�t�i�o�n�a�l� �d�r�a�g� �i�n�d�u�c�e�d� �b�y� �t�h�e� �f�o�r�-� 

�m�a�t�i�o�n� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s�.� 

�A�n�n�e�a�l�i�n�g� �h�a�s� �a�l�s�o� �b�e�e�n� �s�h�o�w�n� �t�o� �d�e�c�r�e�a�s�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�[�7�3�]�.� �T�h�i�s� �d�e�c�r�e�a�s�e� �h�a�s� 

�b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �y�i�e�l�d� �s�t�r�e�s�s� �w�h�i�c�h� �a�c�c�o�m�p�a�n�i�e�s� �a�n�n�e�a�l�i�n�g�[�9�9�]�.� 

�3�.�6�.�2� �G�e�o�m�e�t�r�y� �E�f�f�e�c�t�s� 

�F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �i�s� �a�l�s�o� �d�e�p�e�n�d�e�n�t� �o�n� �s�p�e�c�i�m�e�n� �g�e�o�m�e�t�r�y� �s�u�c�h� �a�s� �t�h�i�c�k�n�e�s�s�,� �c�r�a�c�k� 

�l�e�n�g�t�h� �a�n�d� �c�r�a�c�k� �t�i�p� �r�a�d�i�u�s�.� �V�a�r�i�a�t�i�o�n�s� �o�n� �a�n�y� �o�n� �t�h�e�s�e� �a�l�t�e�r�s� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �o�n� �t�h�e� �m�a�-� 

�t�e�r�i�a�l�,� �p�o�s�s�i�b�l�y� �e�f�f�e�c�t�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l ��s� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�.� �W�a�r�d�[�9�4�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �G�i�,� �f�o�r� 

�p�o�l�y�c�a�r�b�o�n�a�t�e� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �0�.�7� �k�J�/�m�?� �t�o� �1�6� �k�J�/�m�?� �a�s� �s�p�e�c�i�m�e�n� �t�h�i�c�k�n�e�s�s� �i�s� �d�e�c�r�e�a�s�e�d� 

�t�h�e�r�e�b�y� �t�r�a�n�s�f�o�r�m�i�n�g� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �f�r�o�m� �p�l�a�n�e� �s�t�r�a�i�n� �t�o� �p�l�a�n�e� �s�t�r�e�s�s�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �8�0



�T�h�e� �e�f�f�e�c�t� �o�f� �c�r�a�c�k� �l�e�n�g�t�h� �o�n� �t�o�u�g�h�n�e�s�s� �i�s� �u�n�c�l�e�a�r�.� �T�h�e� �A�S�T�M� �s�t�a�n�d�a�r�d� �o�f� �f�r�a�c�t�u�r�e� 

�t�o�u�g�h�n�e�s�s� �t�e�s�t�i�n�g� �o�f� �m�e�t�a�l�s� �s�t�a�t�e� �t�h�a�t� �t�h�e� �r�a�t�i�o� �o�f� �c�r�a�c�k� �l�e�n�g�t�h� �t�o� �w�i�d�t�h� �m�u�s�t� �b�e� �b�e�t�w�e�e�n� �0�.�3� 

�a�n�d� �0�.�7� �f�o�r� �t�h�e� �t�e�s�t� �t�o� �b�e� �v�a�l�i�d�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �o�u�t�s�i�d�e� �o�f� �t�h�e�s�e� �l�i�m�i�t�s� �t�h�e� �v�a�l�u�e� �o�f� �f�r�a�c�t�u�r�e� 

�t�o�u�g�h�n�e�s�s� �m�a�y� �n�o�t� �r�e�m�a�i�n� �c�o�n�s�t�a�n�t�.� �W�a�r�d�[�1�0�0�]� �h�o�w�e�v�e�r� �r�e�p�o�r�t�s� �f�o�r� �r�a�z�o�r� �n�o�t�c�h�e�d� 

�p�o�l�y�c�a�r�b�o�n�a�t�e�,� �G�i�,� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �c�r�a�c�k� �l�e�n�g�t�h�,� �e�v�e�n� �o�u�t�s�i�d�e� �t�h�e� �A�S�T�M� �l�i�m�i�t�s�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �i�n�i�t�i�a�l� �c�r�a�c�k� �t�i�p� �r�a�d�i�u�s� �o�n� �t�o�u�g�h�n�e�s�s� �i�s� �a�l�s�o� �u�n�c�l�e�a�r�.� �I�n�c�r�e�a�s�e�s� �i�n� �c�r�a�c�k� 

�t�i�p� �r�a�d�i�u�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d�[�1�0�0�]� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �e�x�t�e�n�t� �o�f� �p�l�a�n�e� �s�t�r�e�s�s� �(�s�h�e�a�r� �l�i�p�s�)� �f�r�a�c�t�u�r�e� 

�t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �t�o�u�g�h�n�e�s�s� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �y�i�e�l�d�i�n�g�.� �O�t�h�e�r�s�,� �h�o�w�e�v�e�r�,� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� 

�s�h�a�r�p� �c�r�a�c�k� �t�i�p�s�,� �p�r�o�m�o�t�e� �d�u�c�t�i�l�e� �t�e�a�r�i�n�g� �f�a�i�l�u�r�e� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �G�i�.�.�.� �T�h�e�y� �r�e�a�s�o�n� �t�h�a�t� �w�i�t�h� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �c�r�a�c�k� �t�i�p� �r�a�d�i�u�s�,� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �f�r�o�n�t� �o�f� �t�h�a�t� �c�r�a�c�k� �t�i�p� �i�s� �r�e�d�u�c�e�d�.� 

�T�h�i�s� �f�o�r�c�e�s� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �t�o� �b�e� �i�n�c�r�e�a�s�e�d� �b�e�f�o�r�e� �f�a�i�l�u�r�e� �c�a�n� �b�e� �i�n�i�t�i�a�t�e�d�.� �T�h�i�s� �i�n� �t�u�r�n� 

�g�e�n�e�r�a�t�e�s� �a� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �s�t�o�r�e�d� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �e�n�e�r�g�y� �t�h�a�n� �w�o�u�l�d� �b�e� �g�e�n�e�r�a�t�e�d� �i�n� �a� �m�a�-� 

�t�e�r�i�a�l� �c�o�n�t�a�i�n�i�n�g� �a� �s�h�a�r�p�e�r� �c�r�a�c�k� �t�i�p�.� �T�h�e� �l�a�r�g�e�r� �a�m�o�u�n�t� �o�f� �s�t�o�r�e�d� �e�n�e�r�g�y� �p�r�o�m�o�t�e�s� �c�r�i�t�i�c�a�l� 

�c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n�.� �T�h�e� �s�h�a�r�p�e�r� �c�r�a�c�k�,� �w�i�t�h� �l�e�s�s� �s�t�o�r�e�d� �e�l�a�s�t�i�c� �e�n�e�r�g�y�,� �i�s� �l�e�s�s� �l�i�k�e�l�y� �t�o� �p�r�o�p�-� 

�a�g�a�t�e� �c�r�i�t�i�c�a�l�l�y�,� �t�h�e�r�e�b�y� �p�r�o�m�o�t�i�n�g� �t�e�a�r�i�n�g�.� 

�C�h�a�p�t�e�r� �3�.� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s� �8�1



�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� 

�E�n�g�i�n�e�e�r�i�n�g� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �a�n�d� �t�h�e�r�m�o�s�e�t�s� �a�n�d� �t�h�e�i�r� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �s�l�o�w�l�y� �r�e�p�l�a�c�i�n�g� 

�m�e�t�a�l�s� �i�n� �m�a�n�y� �a�r�e�a�s� �s�u�c�h� �a�s� �t�h�e� �r�a�i�l�w�a�y�,� �a�u�t�o�m�o�b�i�l�e�,� �a�n�d� �a�e�r�o�s�p�a�c�e� �i�n�d�u�s�t�r�i�e�s�.� �T�h�e� �d�r�i�v�i�n�g� 

�f�o�r�c�e� �b�e�h�i�n�d� �t�h�i�s� �c�h�a�n�g�e� �h�a�s� �b�e�e�n� �t�h�e� �n�e�e�d� �f�o�r� �l�i�g�h�t�e�r� �s�t�r�u�c�t�u�r�a�l� �m�a�t�e�r�i�a�l�s� �t�o� �r�e�d�u�c�e� �o�p�e�r�a�t�i�n�g� 

�f�u�e�l� �c�o�s�t�s�.� �E�n�g�i�n�e�e�r�i�n�g� �p�o�l�y�m�e�r�s� �h�a�v�e� �g�r�e�a�t�e�r� �s�t�r�e�n�g�t�h� �t�o� �w�e�i�g�h�t� �r�a�t�i�o�s� �t�h�a�n� �m�e�t�a�l�s� �w�h�i�c�h� 

�a�l�l�o�w�s� �d�e�s�i�g�n� �e�n�g�i�n�e�e�r�s� �t�o� �r�e�d�u�c�e� �v�e�h�i�c�l�e� �w�e�i�g�h�t�.� 

�T�h�e� �m�i�l�i�t�a�r�y� �a�e�r�o�s�p�a�c�e� �i�n�d�u�s�t�r�y� �h�a�s� �b�e�e�n� �a� �l�e�a�d�e�r� �i�n� �i�n�n�o�v�a�t�i�o�n� �i�n� �t�h�i�s� �f�i�e�l�d�.� �E�n�g�i�n�e�e�r�s� 

�h�a�v�e� �b�e�e�n� �u�t�i�l�i�z�i�n�g� �c�o�m�p�o�s�i�t�e�s� �i�n� �f�i�g�h�t�e�r� �a�i�r�c�r�a�f�t�,� �n�o�t� �o�n�l�y� �f�o�r� �f�u�e�l� �s�a�v�i�n�g�s�,� �b�u�t� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� 

�p�l�a�n�e ��s� �s�p�e�e�d� �a�n�d� �m�a�n�e�u�v�e�r�a�b�i�l�i�t�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �F�-�1�5�,� �b�u�i�l�t� �i�n� �t�h�e� �e�a�r�l�y� �1�9�7�0 ��s�,� �c�o�n�t�a�i�n�s� 

�j�u�s�t� �2� �p�e�r�c�e�n�t� �b�y� �w�e�i�g�h�t� �c�o�m�p�o�s�i�t�e�s�.� �T�h�e� �F�-�1�8�,� �b�u�i�l�t� �d�u�r�i�n�g� �t�h�e� �1�9�8�0 ��s� �c�o�n�t�a�i�n�s� �1�0� �p�e�r�c�e�n�t� 

�c�o�m�p�o�s�i�t�e�s�.� �T�h�e� �a�d�v�a�n�c�e�d� �t�a�c�t�i�c�a�l� �f�i�g�h�t�e�r�,� �n�o�t� �y�e�t� �u�n�d�e�r� �c�o�m�m�e�r�c�i�a�l� �p�r�o�d�u�c�t�i�o�n�,� �w�i�l�l� �c�o�n�t�a�i�n� 

�n�e�a�r�l�y� �4�0� �p�e�r�c�e�n�t� �c�o�m�p�o�s�i�t�e�s�.� 

�T�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �n�e�w� �m�a�t�r�i�x� �r�e�s�i�n�s� �h�a�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �u�s�e� �o�f� �c�o�m�p�o�s�i�t�e�s� �i�n� �f�i�g�h�t�e�r� �a�i�r�-� 

�c�r�a�f�t�.� �E�p�o�x�y� �r�e�s�i�n�s�,� �i�n�i�t�i�a�l�l�y� �u�t�i�l�i�z�e�d� �a�s� �a�e�r�o�s�p�a�c�e� �c�o�m�p�o�s�i�t�e�s�,� �a�r�e� �l�i�m�i�t�e�d� �i�n� �t�h�e�i�r� �a�p�p�l�i�c�a�t�i�o�n�s� 

�d�u�e� �t�o� �t�h�e�i�r� �b�r�i�t�t�l�e� �n�a�t�u�r�e�,� �l�o�w� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �p�o�o�r� �h�o�t� �w�e�t� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �n�e�w� �e�n�g�i�n�e�e�r�i�n�g� �t�h�e�r�m�o�p�l�a�s�t�i�c� �a�n�d� �t�h�e�r�m�o�s�e�t� �m�a�t�r�i�x� �r�e�s�i�n�s� �p�o�s�s�e�s�s� �g�r�e�a�t�e�r� 

�t�o�u�g�h�n�e�s�s� �a�n�d�/�o�r� �h�i�g�h�e�r� �u�s�e� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�n� �e�p�o�x�i�e�s�.� �S�o�m�e� �o�f� �t�h�e�s�e� �n�e�w� �r�e�s�i�n�s� �i�n�c�l�u�d�e� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �8�2



�p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �s�u�l�f�o�n�e�s�,� �p�o�l�y�p�h�e�n�y�l�e�n�e� �s�u�l�f�i�d�e�s�,� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �e�t�h�e�r� �k�e�t�o�n�e�s�,� �m�o�d�i�f�i�e�d� 

�e�p�o�x�i�e�s� �a�n�d� �b�i�s�m�a�l�e�i�m�i�d�e�s�.� �P�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �a�n�d� �b�i�s�m�a�l�e�i�m�i�d�e�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d�.� 

�4�.�1� �P�o�l�y�a�r�y�l�e�n�e� �E�t�h�e�r� �K�e�t�o�n�e�s� 

�T�h�e� �f�i�r�s�t� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�(�P�A�E�K�)�,� �p�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e� �(�P�E�E�K�)�,� �w�a�s� 

�c�o�m�m�e�r�c�i�a�l�i�z�e�d� �i�n� �1�9�8�1� �b�y� �t�h�e� �I�m�p�e�r�i�a�l� �C�h�e�m�i�c�a�l� �!�n�d�u�s�t�r�i�e�s� �(�I�C�I�)�.� �S�i�n�c�e� �t�h�e�n� �o�t�h�e�r� 

�p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �h�a�v�e� �b�e�e�n� �c�o�m�m�e�r�c�i�a�l�i�z�e�d�,� �s�u�c�h� �a�s� �p�o�l�y�e�t�h�e�r�k�e�t�o�n�e� �(�P�E�K�)� �b�y� �I�C�I� 

�a�n�d� �p�o�l�y�e�t�h�e�r�k�e�t�o�n�e�k�e�t�o�n�e� �(�P�E�K�K�)� �s�o�l�d� �b�y� �D�u�p�o�n�t�.� �A�l�l� �t�h�r�e�e� �r�e�s�i�n�s� �a�r�e� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� 

�t�h�e�r�m�o�p�l�a�s�t�i�c�s� �t�h�a�t� �a�r�e� �t�h�e�r�m�a�l�l�y�,� �r�a�d�i�a�t�i�o�n� �a�n�d� �o�x�i�d�a�t�i�v�e�l�y� �s�t�a�b�l�e�,� �c�h�e�m�i�c�a�l�l�y� �r�e�s�i�s�t�a�n�t�,� �t�o�u�g�h�,� 

�a�n�d� �p�r�o�c�e�s�s�a�b�l�e�.� �I�n�i�t�i�a�l�l�y� �m�a�r�k�e�t�e�d� �a�s� �a� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �c�a�b�l�e� �i�n�s�u�l�a�t�o�r�,� �P�A�E�K�s� �a�r�e� �n�o�w� 

�f�o�u�n�d� �i�n� �m�a�n�y� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�,� �h�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e�s�e� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n�c�l�u�d�e� 

�b�e�a�r�i�n�g�s� �f�o�r� �c�a�r� �e�n�g�i�n�e�s�,� �v�a�l�v�e�s� �i�n� �h�i�g�h� �p�r�e�s�s�u�r�e� �s�t�e�a�m� �l�i�n�e�s�,� �p�i�p�i�n�g� �m�a�t�e�r�i�a�l� �i�n� �a�c�i�d� �p�i�p�e�-� 

�l�i�n�e�s�,� �p�r�e�s�s�u�r�i�z�e�d� �p�a�r�t�s� �o�f� �g�e�o�t�h�e�r�m�a�l� �w�e�l�l�s� �a�n�d� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l�s� �f�o�r� �a�i�r�c�r�a�f�t� 

�c�o�m�p�o�s�i�t�e�s�[�1�0�1�,�1�0�2�]�.� �T�h�e� �w�i�d�e�n�i�n�g� �a�r�r�a�y� �o�f� �m�a�r�k�e�t�s� �f�o�r� �P�A�E�K�s� �h�a�s� �c�a�u�s�e�d� �t�h�e� �s�a�l�e�s� �o�f� �P�E�E�K� 

�f�o�r� �e�x�a�m�p�l�e�,� �t�o� �d�o�u�b�l�e� �e�v�e�r�y� �y�e�a�r� �s�i�n�c�e� �i�t�s� �i�n�t�r�o�d�u�c�t�i�o�n�.� 

�4�.�1�.�1� �S�o�l�v�e�n�t� �a�n�d� �C�h�e�m�i�c�a�l� �R�e�s�i�s�t�a�n�c�e� 

�T�h�e� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �m�o�r�p�h�o�l�o�g�y� �o�f� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �i�m�p�a�r�t�s� �t�h�e�s�e� �p�o�l�y�m�e�r�s� 

�w�i�t�h� �e�x�c�e�l�l�e�n�t� �s�o�l�v�e�n�t� �a�n�d� �c�h�e�m�i�c�a�l� �r�e�s�i�s�t�a�n�c�e�[�1�0�1�]�.� �P�E�E�K� �i�s� �n�o�t� �k�n�o�w�n� �t�o� �d�i�s�s�o�l�v�e� �i�n� �a�n�y� 

�c�o�m�m�o�n� �s�o�l�v�e�n�t�s� �s�u�c�h� �a�s� �c�h�l�o�r�i�n�a�t�e�d� �o�r� �d�i�p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �H�o�w�-� 

�e�v�e�r� �s�o�l�v�e�n�t�s� �s�u�c�h� �a�s� �h�y�d�r�o�f�l�u�o�r�i�c� �a�c�i�d�,� �t�r�i�f�l�u�o�r�o�m�e�t�h�a�n�e� �s�u�l�f�o�n�i�c� �a�c�i�d� �a�n�d� �a� �m�i�x�t�u�r�e� �o�f� �p�h�e�n�o�l� 

�a�n�d� �1�,�2�,�4� �t�r�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�h�e� �p�o�l�y�m�e�r� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�-� 

�a�t�u�r�e�s�.� �P�A�E�K�s� �a�r�e� �e�q�u�a�l�l�y� �h�a�r�d� �t�o� �s�w�e�l�l�.� �P�E�E�K� �a�n�d� �P�E�K� �e�x�h�i�b�i�t� �a�n� �i�n�c�r�e�a�s�e� �o�f� �j�u�s�t� �0�.�6� �a�n�d� 

�0�.�4� �w�e�i�g�h�t� �p�e�r�c�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�f�t�e�r� �2�4� �h�o�u�r�s� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�[�1�0�3�]�.� �H�o�w�e�v�e�r�,� �a�m�o�r�-� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �8�3



�p�h�o�u�s� �P�E�E�K� �s�w�e�l�l�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �m�o�r�e�,� �1�5�.�8� �p�e�r�c�e�n�t�,� �d�u�e� �t�o� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y�.� �T�a�b�l�e� 

�3� �l�i�s�t�s� �P�E�E�K ��s� �r�e�t�e�n�t�i�o�n� �o�f� �e�l�o�n�g�a�t�i�o�n� �a�n�d� �c�h�a�n�g�e� �i�n� �w�e�i�g�h�t� �a�f�t�e�r� �b�e�i�n�g� �e�x�p�o�s�e�d� �t�o� �a� �v�a�r�i�e�t�y� 

�o�f� �s�o�l�v�e�n�t�s�.� 

�4�.�1�.�2� �T�h�e�r�m�a�l�,� �O�x�i�d�a�t�i�v�e�,� �a�n�d� �R�a�d�i�a�t�i�o�n�a�l� �S�t�a�b�i�l�i�t�y� 

�T�h�e� �a�l�l� �a�r�o�m�a�t�i�c� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e� �o�f� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� 

�p�o�s�s�e�s�s� �e�x�c�e�l�l�e�n�t� �t�h�e�r�m�a�l�,� �o�x�i�d�a�t�i�v�e�,� �a�n�d� �r�a�d�i�a�t�i�o�n� �s�t�a�b�i�l�i�t�y�.� �P�E�E�K� �f�o�r� �e�x�a�m�p�l�e�,� �h�a�s� �b�e�e�n� �r�e�-� 

�p�o�r�t�e�d� �t�o� �w�i�t�h�s�t�a�n�d� �g�a�m�m�a� �a�n�d� �b�e�t�a� �r�a�d�i�a�t�i�o�n� �o�f� �1�0�0�0� �a�n�d� �1�0�,�0�0�0� �M�r�a�d� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�i�t�h�o�u�t� 

�e�m�b�r�i�t�t�l�e�m�e�n�t�(�1�0�1�]�.� �T�h�e�r�m�a�l�l�y�,� �P�A�E�K�s� �p�o�s�s�e�s�s� �a� �c�o�n�t�i�n�u�o�u�s� �u�s�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�6�0� �°�C� �a�n�d� 

�o�n�e� �h�o�u�r� �s�t�a�b�i�l�i�t�y� �a�t� �4�0�0� �°�C� �u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �T�h�e� �b�a�c�k�b�o�n�e� �s�t�a�b�i�l�i�t�y� �o�f� �P�A�E�K ��s� �c�o�m�b�i�n�e�d� �w�i�t�h� 

�t�h�e�i�r� �s�o�l�v�e�n�t� �r�e�s�i�s�t�a�n�c�e� �e�n�a�b�l�e�s� �t�h�e�m� �t�o� �w�i�t�h�s�t�a�n�d� �h�i�g�h� �p�r�e�s�s�u�r�e� �s�t�e�a�m� �a�t� �2�8�0� �°�C� �a�n�d� �2�6�0�0� 

�p�s�i� �f�o�r� �3�0�0�0� �h�o�u�r�s� �w�i�t�h�o�u�t� �s�i�g�n�i�f�i�c�a�n�t� �l�o�s�s� �o�f� �t�e�n�s�i�l�e� �o�r� �f�l�e�x�u�r�a�l� �p�r�o�p�e�r�t�i�e�s�.� �T�h�i�s� �e�n�a�b�l�e�s� �P�A�E�K� 

�t�o� �b�e� �u�t�i�l�i�z�e�d� �i�n� �g�e�o�t�h�e�r�m�a�l� �w�e�l�l�s� �w�h�e�r�e� �w�a�t�e�r� �a�n�d� �o�i�l� �e�m�u�l�s�i�o�n�s� �m�a�y� �r�e�a�c�h� �a� �t�e�m�p�e�r�a�t�u�r�e� 

�o�f� �2�8�0� �°�C� �a�n�d� �a� �p�r�e�s�s�u�r�e� �o�f� �2�0�,�0�0�0� �p�s�i�.� 

�4�.�1�.�3� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

�P�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �a�r�e� �o�f�t�e�n� �u�s�e�d� �a�s� �s�t�r�u�c�t�u�r�a�l� �e�n�g�i�n�e�e�r�i�n�g� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �d�u�e� 

�t�o� �t�h�e�i�r� �r�i�g�i�d�i�t�y� �a�n�d� �h�i�g�h� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �(�T�a�b�l�e� �4�)�.� �P�E�K�K�,� �f�o�r� �e�x�a�m�p�l�e�,� �p�o�s�s�e�s�s�e�s� �a� �t�e�n�s�i�l�e� 

�m�o�d�u�l�u�s� �n�e�a�r�l�y� �t�h�a�t� �o�f� �p�h�e�n�o�x�y� �r�e�s�i�n�s� �(�6�5�0�,�0�0�0� �p�s�i�)�,� �w�h�i�l�e� �m�a�i�n�t�a�i�n�i�n�g� �a� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� 

�c�o�m�p�a�r�a�b�l�e� �t�o� �p�o�l�y�e�t�h�e�r� �s�u�l�f�o�n�e�s� �(�1�K�J�/�m�?�)�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �b�o�t�h� �t�h�e� �m�o�d�u�l�u�s� �a�n�d� 

�t�o�u�g�h�n�e�s�s� �o�f� �P�A�E�K�s� �d�e�p�e�n�d� �o�n� �t�h�e� �r�a�t�i�o� �o�f� �e�t�h�e�r� �t�o� �k�e�t�o�n�e� �g�r�o�u�p�s� �a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�-� 

�b�o�n�e�.� �M�o�d�u�l�u�s� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �5�5�0�,�0�0�0� �p�s�i� �t�o� �6�5�0�,�0�0�0� �p�s�i� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �e�t�h�e�r� �t�o� �k�e�t�o�n�e� �g�r�o�u�p�s� 

�d�e�c�r�e�a�s�e�s� �f�r�o�m� �2�,� �f�o�r� �P�E�E�K�,� �t�o� �0�.�5� �f�o�r� �P�E�K�K�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �i�s� �n�o�t� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �c�r�y�s�t�a�l�l�i�n�i�t�y�,� �a�s� �i�s� �s�e�e�n� �i�n� �t�h�e�r�m�o�p�l�a�s�t�i�c� �e�l�a�s�t�o�m�e�r�s�,� �s�i�n�c�e� �c�r�y�s�t�a�l�l�i�n�i�t�y� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�-� 

�c�r�e�a�s�i�n�g� �k�e�t�o�n�e� �c�o�n�t�e�n�t�,� �3�3� �p�e�r�c�e�n�t� �f�o�r� �P�E�E�K� �t�o� �2�6� �p�e�r�c�e�n�t� �f�o�r� �P�E�K�K�.� �R�a�t�h�e�r�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�s� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �8�4



�T�a�b�l�e� �3�.� �P�E�E�K ��s� �r�e�t�e�n�t�i�o�n� �o�f� �e�l�o�n�g�a�t�i�o�n� �a�f�t�e�r� �e�x�p�o�s�u�r�e� �t�o� �s�o�l�v�e�n�t�s�[�1�0�1�]� 

� � 

� � 

�C�h�a�n�g�e� 
�T�e�m�p�,� �T�i�m�e�,� �R�e�t�e�n�t�i�o�n� �o�f� �i�n� 

�R�e�a�g�e�n�t� �°�C� �d� �e�l�o�n�g�a�t�i�o�n�,� �%� �w�e�i�g�h�t�,� �%� 

�b�e�n�z�e�n�e� �2�3� �7� �9�4� �0� 
�t�r�i�c�h�l�o�r�o�e�t�h�y�l�e�n�e� �2�3� �7� �1�1�0� �0�.�8� 
�c�o�n�c�e�n�t�r�a�t�e�d� �N�a�O�H� �2�3� �7� �9�4� �4�.�3� 
�H�N�O�s�,� �4�0�%� �2�3� �7� �1�0�7� �0�.�4� 
�H�,�S�0�O�,�,� �5�0�%� �1�0�0� �3�0� �1�0�0� �0�.�7� 

�t�e�t�r�a�e�t�h�y�l�l�e�a�d� �2�3� �3�0� �1�0�0� �0� 
�d�i�m�e�t�h�y�l�]� �s�u�l�f�o�x�i�d�e� �1�0�0� �3�0� �1�0�0� �0�.�7� 
�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�,� �3�0�%� �2�3� �3�0� �1�0�0� �-�0�.�1� 
� � 

�*� �N�a�t�u�r�a�l� �g�r�a�d�e�.� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s



�T�a�b�l�e� �4�.� �P�h�y�s�i�c�a�l� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�(�a�r�y�l�e�n�e� �e�t�h�e�r�)� �k�e�t�o�n�e�s�[�1�0�2�-�1�0�5�]� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � 

�P�R�O�P�E�R�T�Y� �P�E�K�K� �P�E�K� �P�E�E�K� 

�D�e�n�s�i�t�y� �(�g�/�c�m�*�)� �1�.�3� �1�.�3�0� �1�.�3�2� 

�C�r�y�s�t�a�l�l�i�n�i�t�y� �(�%�)�*� �2�6� �-� �3�3� 

�S�w�e�l�l�i�n�g� �i�n� �C�H�,�C�h� �0�.�4� �-� �0�.�6� 
�f�o�r� �2�4� �h�o�u�r�s� �(�%�)� �1�5�.�8�*�*� 

�T�g� �(�°�C�)� �1�5�6� �1�6�2� �1�4�3� 

�T�m� �(�°�C�)� �3�3�8� �3�7�3� �3�3�4� 

�M�o�d�u�l�u�s� �(�p�s�i�)� �6�5�0�,�0�0�0� �5�8�0�,�0�0�0� �5�5�0�,�0�0�0� 

�T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� �(�p�s�i�)� �1�4�,�8�0�0� �1�5�,�2�0�0� �1�4�,�5�0�0� 

�E�l�o�n�g�a�t�i�o�n� �a�t� �b�r�e�a�k� �(�%�)� �4� �5� �4�0� 

�G�.�.�(�K�J�/�m�?�)� �1� �-� �9� � � � � 

�*�c�r�y�s�t�a�l�l�i�n�e� �c�o�n�t�e�n�t� �o�f� �c�o�m�m�e�r�c�i�a�l�l�y� �s�o�l�d� �m�a�t�e�r�i�a�l� 
�*�*�s�w�e�l�l�i�n�g� �o�f� �t�o�t�a�l�l�y� �a�m�o�r�p�h�o�u�s� �m�a�t�e�r�i�a�l� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �8�6



�d�u�e� �p�r�i�m�a�r�i�l�y� �t�o� �t�h�e� �r�e�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �f�l�e�x�i�b�l�e� �e�t�h�e�r� �g�r�o�u�p�s� �w�i�t�h� �t�h�e� �m�o�r�e� �r�i�g�i�d�,� �p�l�a�n�a�r� �k�e�t�o�n�e� 

�g�r�o�u�p�s�.� 

�F�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �k�e�t�o�n�e� �c�o�n�t�e�n�t�,� �f�r�o�m� �a� �G�:�.� �o�f� �2� �K�d�/�m�?� �f�o�r� 

�P�E�E�K� �t�o� �1� �K�J�/�m�?� �f�o�r� �P�E�K�K�.� �E�l�o�n�g�a�t�i�o�n� �a�t� �b�r�e�a�k� �p�a�r�a�l�l�e�l�s� �t�h�e� �t�r�e�n�d� �o�f� �t�o�u�g�h�n�e�s�s�,� �4�0� �p�e�r�c�e�n�t� 

�f�o�r� �P�E�E�K� �t�o� �4� �p�e�r�c�e�n�t� �f�o�r� �P�E�K�K�[�1�0�3�,�1�0�5�]�.� �T�h�i�s� �r�e�f�l�e�c�t�s� �r�e�s�t�r�i�c�t�i�o�n� �t�o� �m�o�t�i�o�n� �i�n� �t�h�e� �p�o�l�y�m�e�r� 

�c�h�a�i�n� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e� �o�f� �r�i�g�i�d� �k�e�t�o�n�e� �g�r�o�u�p�s�.� �C�r�y�s�t�a�l�l�i�n�i�t�y� �a�l�s�o� �r�e�s�t�r�i�c�t�s� �c�h�a�i�n� �f�l�e�x�i�b�i�l�i�t�y�.� 

�T�h�e� �y�i�e�l�d� �s�t�r�e�s�s� �o�f� �P�E�E�K� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �c�r�y�s�t�a�l�l�i�n�i�t�y� �u�p� �t�o� �3�0� 

�p�e�r�c�e�n�t� �c�r�y�s�t�a�l�l�i�n�e� �c�o�n�t�e�n�t�,� �w�h�e�r�e� �n�o� �y�i�e�l�d� �i�s� �o�b�s�e�r�v�e�d�.� 

�A� �m�a�j�o�r� �d�i�s�a�d�v�a�n�t�a�g�e� �i�n� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s�,� �h�o�w�e�v�e�r�,� �i�s� �t�h�e� �p�o�l�y�m�e�r�s �� �l�o�s�s� �o�f� 

�m�e�c�h�a�n�i�c�a�l� �s�t�r�e�n�g�t�h� �a�b�o�v�e� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �t�e�n�s�i�l�e� 

�m�o�d�u�l�u�s� �o�f� �P�E�E�K� �f�o�r� �e�x�a�m�p�l�e�,� �e�x�h�i�b�i�t�s� �a� �d�e�c�r�e�a�s�e� �i�n� �m�a�g�n�i�t�u�d�e� �b�y� �m�o�r�e� �t�h�a�n� �a� �f�a�c�t�o�r� �o�f� �3� 

�a�s� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �r�a�i�s�e�d� �f�r�o�m� �1�2�5� �°�C� �t�o� �1�7�5� �°�C�.� �F�l�e�x�u�r�a�l� �m�o�d�u�l�u�s� �s�h�o�w�s� �a�n� �e�v�e�n� �l�a�r�g�e�r� �d�e�-� 

�c�r�e�a�s�e�,� �d�r�o�p�p�i�n�g� �f�r�o�m� �3�.�6� �G�P�a� �a�t� �1�0�0� �°�C� �t�o� �0�.�5� �G�P�a� �a�t� �2�0�0� �°�C�.� �T�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�l�s�o� �d�e�c�r�e�a�s�e�s� 

�f�r�o�m� �1�4�,�5�0�0� �p�s�i� �a�t� �2�3� �°�C� �t�o� �5�,�1�0�0� �p�s�i� �a�t� �1�5�0� �°�C�.� 

�4�.�1�.�4� �C�o�m�p�o�s�i�t�e� �A�p�p�l�i�c�a�t�i�o�n�s� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �a�s� �c�o�m�p�o�s�i�t�e� �m�a�t�r�i�x� �r�e�s�i�n�s� �i�s� �d�u�e� �i�n� �p�a�r�t� 

�t�o� �t�h�e�i�r� �h�i�g�h� �t�r�a�n�s�v�e�r�s�e� �m�o�d�u�l�u�s� �a�n�d� �s�t�r�e�n�g�t�h� �w�h�i�c�h� �t�h�e�y� �i�m�p�a�r�t� �t�o� �a� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�.� 

�T�h�e�s�e� �t�r�a�n�s�v�e�r�s�e� �p�r�o�p�e�r�t�i�e�s� �e�v�o�l�v�e� �f�r�o�m� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �t�r�a�n�s�c�r�y�s�t�a�l�l�i�n�e� �m�o�r�p�h�o�l�o�g�y� 

�w�i�t�h�i�n� �t�h�e� �m�a�t�r�i�x� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s�[�1�0�6�]�.� �C�a�r�b�o�n� �f�i�b�e�r�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �a�c�t� 

�a�s� �n�u�c�l�e�a�t�i�n�g� �s�i�t�e�s� �f�o�r� �c�r�y�s�t�a�l� �f�o�r�m�a�t�i�o�n� �i�n� �P�E�E�K�[�1�0�6�-�1�0�8�]�.� �L�a�t�e�r�a�l� �g�r�o�w�t�h� �f�r�o�m� �t�h�e�s�e� �s�i�t�e�s� �i�s� 

�p�r�e�v�e�n�t�e�d� �d�u�e� �t�o� �p�r�e�s�e�n�c�e� �o�f� �a�d�j�a�c�e�n�t� �c�r�y�s�t�a�l�s� �a�l�o�n�g� �t�h�e� �f�i�b�e�r�.� �T�h�i�s� �f�o�r�c�e�s� �t�h�e� �c�r�y�s�t�a�l�s� �t�o� 

�g�r�o�w� �r�a�d�i�a�l�l�y� �o�u�t�w�a�r�d� �f�r�o�m� �t�h�e� �f�i�b�e�r� �l�e�a�d�i�n�g� �t�o� �t�r�a�n�s�c�r�y�s�t�a�l�l�i�n�i�t�y�.� �T�h�e� �t�r�a�n�s�c�r�y�s�t�a�l�l�i�n�i�t�y� �h�a�s� 

�b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �i�m�p�r�o�v�e� �t�h�e� �l�a�m�i�n�a ��s� �t�r�a�n�s�v�e�r�s�e� �p�r�o�p�e�r�t�i�e�s� �b�y� �f�i�r�s�t� �o�r�i�e�n�t�i�n�g� �t�h�e� �c�r�y�s�t�a�l�s� �i�n� 

�t�h�e� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�,� �a�n�d� �s�e�c�o�n�d�l�y�,� �b�y� �i�m�p�r�o�v�i�n�g� �t�h�e� �a�d�h�e�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �m�a�t�r�i�x� �a�n�d� �t�h�e� 

�f�i�b�e�r� �t�h�u�s� �r�e�d�u�c�i�n�g� �d�e�l�a�m�i�n�a�t�i�o�n�.� 
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�4�.�1�.�5� �S�y�n�t�h�e�s�i�s� �o�f� �P�E�E�K� 

�P�E�E�K� �i�s� �s�y�n�t�h�e�s�i�z�e�d� �t�h�r�o�u�g�h� �a�n� �a�r�o�m�a�t�i�c� �n�u�c�l�e�o�p�h�i�l�i�c� �s�u�b�s�t�i�t�u�t�i�o�n� �r�e�a�c�t�i�o�n� �o�f� 

�4�,�4 ��d�i�f�l�u�o�r�o�-�b�e�n�z�o�p�h�e�n�o�n�e� �w�i�t�h� �h�y�d�r�o�q�u�i�n�o�n�e�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�8�.� �T�h�e� �r�e�a�c�t�i�o�n� �i�s� �c�a�r�r�i�e�d� �o�u�t� 

�i�n� �d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �a�t� �3�2�0� �°�C� �u�s�i�n�g� �p�o�t�a�s�s�i�u�m� �c�a�r�b�o�n�a�t�e� �a�s� �t�h�e� �b�a�s�e�[�1�0�1�,�1�0�9�]�.� �T�h�e� �r�e�a�c�t�i�o�n� 

�i�n�i�t�i�a�t�e�s� �b�y� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �p�h�e�n�o�l�a�t�e� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� �t�h�r�o�u�g�h� �t�h�e� �e�x�c�h�a�n�g�e� �o�f� �p�o�t�a�s�s�i�u�m� 

�i�o�n�s� �w�i�t�h� �t�h�e� �p�h�e�n�o�l�i�c� �p�r�o�t�o�n�s�.� �C�a�r�b�o�n�i�c� �a�c�i�d� �i�s� �f�o�r�m�e�d� �a�s� �a� �b�y� �p�r�o�d�u�c�t� �w�h�i�c�h� �t�h�e�n� �d�e�c�o�m�-� 

�p�o�s�e�s� �i�n�t�o� �w�a�t�e�r� �a�n�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� 

�T�h�e� �r�e�a�c�t�i�o�n� �p�r�o�c�e�e�d�s� �b�y� �t�h�e� �a�t�t�a�c�k� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�i�c� �p�h�e�n�o�l�a�t�e� �a�n�i�o�n� �o�n� �t�h�e� �a�r�o�m�a�t�i�c� 

�c�a�r�b�o�n� �o�f� �d�i�f�l�u�o�r�o�b�e�n�z�o�p�h�e�n�o�n�e� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �f�l�u�o�r�i�n�e�.� �T�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�i�s� �i�n�t�e�r�m�e�d�i�a�t�e� 

�i�s� �f�o�r�m�e�d� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� �t�o� �d�i�s�p�e�r�s�e� �t�h�e� �n�e�g�a�t�i�v�e� �c�h�a�r�g�e�[�1�1�0�]�.� 

�F�i�g�u�r�e� �2�9� �s�h�o�w�s� �t�h�e� �h�y�b�r�i�d� �i�n�t�e�r�m�e�d�i�a�t�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �c�a�r�b�a�n�i�o�n�.� �T�h�e� �e�l�e�c�t�r�o�n� 

�w�i�t�h�d�r�a�w�i�n�g� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �a�t�t�a�c�h�e�d� �p�a�r�a� �t�o� �t�h�e� �f�l�u�o�r�i�n�e� �s�t�a�b�i�l�i�z�e�s� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�,� �a�l�l�o�w�i�n�g� 

�t�h�e� �r�e�a�c�t�i�o�n� �t�o� �p�r�o�c�e�e�d�.� 

�T�h�e� �f�i�n�a�l� �s�t�e�p� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �i�n�v�o�l�v�e�s� �t�h�e� �l�o�s�s� �o�f� �t�h�e� �f�l�u�o�r�i�n�e� �a�n�i�o�n� �f�r�o�m� �t�h�e� �r�i�n�g� �t�h�u�s� 

�f�o�r�m�i�n�g� �t�h�e� �a�r�o�m�a�t�i�c� �e�t�h�e�r� �b�o�n�d�.� �T�h�i�s� �s�t�e�p� �o�c�c�u�r�s� �r�e�l�a�t�i�v�e�l�y� �q�u�i�c�k�l�y� �i�n� �c�o�m�p�a�r�i�s�o�n� �t�o� �t�h�e� 

�s�e�c�o�n�d� �s�t�e�p�.� 

�A�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �t�h�e� �e�x�t�e�n�t� �o�f� �t�h�i�s� �r�e�a�c�t�i�o�n� �i�n�c�r�e�a�s�e�,� �t�h�e� �p�o�l�y�m�e�r� �c�r�y�s�t�a�l�l�i�z�e�s�.� 

�C�r�y�s�t�a�l�l�i�n�i�t�y� �i�n� �P�E�E�K� �i�s� �a� �r�e�s�u�l�t� �o�f� �s�y�m�m�e�t�r�y� �w�h�i�c�h� �i�n�c�l�u�d�e�s� �t�h�e� �p�l�a�n�a�r� �p�a�c�k�i�n�g� �b�e�t�w�e�e�n� �t�h�e� 

�m�a�c�r�o�m�o�l�e�c�u�l�e�s� �c�a�u�s�e�d� �b�y� �t�h�e� �a�r�o�m�a�t�i�c� �b�a�c�k�b�o�n�e� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �t�h�e� �s�p�2� �b�o�n�d�i�n�g� �o�f� �t�h�e� 

�c�a�r�b�o�n�y�l� �g�r�o�u�p�(�1�0�9�,�1�1�1�]�.� �T�h�i�s� �o�r�d�e�r�e�d� �p�a�c�k�i�n�g� �a�r�r�a�n�g�e�m�e�n�t�,� �a�t� �h�i�g�h�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�,� 

�r�e�d�u�c�e�s� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �d�i�p�h�e�n�y�l�-�s�u�l�f�o�n�e� �t�o� �s�o�l�v�a�t�e� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �T�h�u�s�,� �t�h�e� �p�o�l�y�m�e�r� 

�o�f�t�e�n� �p�r�e�c�i�p�i�t�a�t�e�s� �f�r�o�m� �t�h�e� �s�o�l�u�t�i�o�n�,� �t�e�r�m�i�n�a�t�i�n�g� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�n�d� �l�i�m�i�t�i�n�g� �t�h�e� �f�i�n�a�l� �m�o�-� 

�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �H�i�g�h�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �h�a�v�e� �b�e�e�n� �o�b�t�a�i�n�e�d� �b�y� 

�i�n�c�o�r�p�o�r�a�t�i�n�g� �o�r�t�h�o� �a�n�d� �m�e�t�a� �l�i�n�k�a�g�e�s� �i�n�t�o� �t�h�e� �a�r�o�m�a�t�i�c� �b�a�c�k�b�o�n�e� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� 

�p�a�c�k�i�n�g� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s� �a�l�l�o�w�i�n�g� �t�h�e� �p�o�l�y�m�e�r� �t�o� �s�t�a�y� �i�n� �s�o�l�u�t�i�o�n� �l�o�n�g�e�r�[�{�1�0�1�]�.� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �8�8



�K�,�C�O�3� 
�D�i�p�h�e�n�y�l�s�u�l�f�o�n�e� 

�O�H�O� 

�F�i�g�u�r�e� �2�8�.� �S�y�n�t�h�e�s�i�s� �o�f� �P�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e� �v�i�a� �N�u�c�l�e�o�p�h�i�l�i�c� �A�r�o�m�a�t�i�c� �S�u�b�s�t�i�t�u�t�i�o�n� 
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�Z�F� �Z� �O�F� �Z� 

�G� �G� 

�w�h�e�r�e�:� �z�=� �O�-�A�r� 

�G�=� �e�l�e�c�t�r�o�n� �w�i�t�h�d�r�a�w�i�n�g� �g�r�o�u�p� 
�-�C�O�R� 

�F�i�g�u�r�e� �2�9�.� �H�y�b�r�i�d� �i�n�t�e�r�m�e�d�i�a�t�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �a�n� �a�r�o�m�a�t�i�c� �c�a�r�b�a�n�i�o�n� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �9�0



�P�E�K� �i�s� �s�y�n�t�h�e�s�i�z�e�d� �s�i�m�i�l�a�r�l�y� �u�s�i�n�g� �t�h�e� �A�B� �m�o�n�o�m�e�r� �4�-�f�l�u�o�r�o�-�4 ��-�h�y�d�r�o�x�y� �b�e�n�z�o�p�h�e�n�o�n�e�,� 

�(�F�i�g�u�r�e� �3�0�)� �[�1�1�2�]�.� �P�E�K�K� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �a� �F�r�i�e�d�e�l�-�C�r�a�f�t�s� �a�c�y�l�a�t�i�o�n� �u�s�i�n�g� 

�d�i�p�h�e�n�y�l�e�t�h�e�r� �a�n�d� �a� �m�i�x�t�u�r�e� �o�f� �i�s�o� �a�n�d� �t�e�r�e�p�h�t�h�a�y�o�l� �c�h�l�o�r�i�d�e� �(�F�i�g�u�r�e� �3�1�)� �[�1�0�3�]�.� 

�M�o�h�a�n�t�y� �e�t� �a�l� �[�1�1�2�]� �r�e�p�o�r�t�e�d� �t�w�o� �n�o�v�e�l� �m�e�t�h�o�d�s� �f�o�r� �o�b�t�a�i�n�i�n�g� �c�r�y�s�t�a�l�l�i�n�e� �P�E�E�K� �w�i�t�h�o�u�t� 

�t�h�e� �u�s�e� �o�f� �h�i�g�h� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �f�i�r�s�t� �r�e�a�c�t�i�o�n� �s�c�h�e�m�e� �i�n�v�o�l�v�e�d� �t�h�e� �u�s�e� �o�f� �a� �m�i�x�t�u�r�e� 

�o�f� �h�y�d�r�o�q�u�i�n�o�n�e� �a�n�d� �t� �b�u�t�y�l� �h�y�d�r�o�q�u�i�n�o�n�e�.� �T�h�e� �t� �b�u�t�y�l� �g�r�o�u�p� �d�i�s�r�u�p�t�s� �t�h�e� �p�a�c�k�i�n�g� �o�f� �t�h�e� �P�E�E�K� 

�m�o�l�e�c�u�l�e�s�,� �t�h�e�r�e�b�y� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �c�r�y�s�t�a�l�l�i�n�e� �m�o�r�p�h�o�l�o�g�y�.� �T�h�i�s� �m�e�t�h�o�d� �a�l�l�o�w�e�d� �f�o�r� �t�h�e� �s�y�n�-� 

�t�h�e�s�i�s� �o�f� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�r�s� �a�t� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�7�0� �°�C� �(�F�i�g�u�r�e� �3�2�)�.� 

�C�r�y�s�t�a�l�l�i�n�i�t�y� �c�o�u�l�d� �b�e� �i�n�d�u�c�e�d� �t�o� �t�h�e� �p�o�l�y�m�e�r� �a�f�t�e�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �b�y� �p�a�r�t�i�a�l� �d�e�a�l�k�y�l�a�t�i�o�n� �o�f� �t� 

�b�u�t�y�l� �g�r�o�u�p� �u�n�d�e�r� �a�c�i�d� �c�a�t�a�l�y�z�e�d� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �r�e�a�c�t�i�o�n�s�.� 

�A� �s�e�c�o�n�d� �m�e�t�h�o�d�o�l�o�g�y� �[�1�1�3�]� �u�s�e�d� �a� �s�o�m�e�w�h�a�t� �s�i�m�i�l�a�r� �a�p�p�r�o�a�c�h�.� �B�y� �r�e�p�l�a�c�i�n�g� 

�4�,�4 ��d�i�f�l�u�o�r�o�b�e�n�z�o�p�h�e�n�o�n�e� �w�i�t�h� �4�,�4 ��-�d�i�f�l�u�o�r�o� �N�-�b�e�n�z�o�h�y�d�r�o�x�y�l�i�d�e�n�e� �a�n�i�l�i�n�e�,� �c�r�y�s�t�a�l�l�i�n�i�t�y� �w�a�s� 

�o�n�c�e� �a�g�a�i�n� �b�r�o�k�e�n� �u�p�,� �a�l�l�o�w�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �t�o� �t�a�k�e� �p�l�a�c�e� �a�t� �1�5�0�-� �1�9�0� �°�C� �(�F�i�g�u�r�e� �3�3�)�.� 

�C�r�y�s�t�a�l�l�i�n�i�t�y� �w�a�s� �t�h�e�n� �i�n�d�u�c�e�d� �b�y� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �h�y�d�r�o�l�y�z�i�n�g� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�t�r�i�f�l�u�o�r�o�m�e�t�h�a�n�e� �s�u�l�f�o�n�i�c�,� �t�h�e� �k�e�t�i�m�i�n�e� �l�i�n�k�a�g�e�s� �b�a�c�k� �t�o� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s�.� �T�h�e� �d�e�p�r�o�t�e�c�t�e�d� 

�m�a�t�e�r�i�a�l� �e�x�h�i�b�i�t�e�d� �a� �m�e�l�t�i�n�g� �e�n�d�o�t�h�e�r�m� �3�2�2� �°�C�,� �j�u�s�t� �1�0� �d�e�g�r�e�e�s� �b�e�l�o�w� �t�h�a�t� �o�f� �c�o�m�m�e�r�i�c�a�l� 

�P�E�E�K�.� 

�W�u� �e�t� �a�l� �[�1�0�9�]� �h�a�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �T�g� �o�f� �P�E�E�K� �c�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �b�y� �a�s� �m�u�c�h� �a�s� �5�0� �°�C� �|� 

�b�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �s�u�l�f�o�n�e� �g�r�o�u�p�s� �a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e�.� �A�t� �h�i�g�h�e�r� �l�e�v�e�l�s� �o�f� �s�u�l�f�o�n�e� 

�g�r�o�u�p�s�,� �h�o�w�e�v�e�r�,� �c�r�y�s�t�a�l�l�i�n�i�t�y� �w�a�s� �l�o�s�t�.� 

�4�.�1�.�6� �C�r�o�s�s�l�i�n�k�i�n�g� �o�f� �P�o�l�y�e�t�h�e�r� �K�e�t�o�n�e�s� 

�P�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s� �c�a�n� �b�e� �c�r�o�s�s�l�i�n�k�e�d� �b�y� �e�i�t�h�e�r� �p�h�y�s�i�c�a�l�l�y� �b�l�e�n�d�i�n�g� �a� �c�r�o�s�s�l�i�n�k�-� 

�i�n�g� �a�g�e�n�t� �w�i�t�h� �t�h�e� �p�o�l�y�m�e�r�,� �o�r� �b�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �r�e�a�c�t�i�v�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �o�n� �t�h�e� �p�o�l�y�m�e�r� 

�c�h�a�i�n�.� �O�x�y�g�e�n� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �c�a�u�s�e� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �P�E�E�K� �w�h�e�n� �i�t� �i�s� �b�l�e�n�d�e�d� �i�n�t�o� �t�h�e� 

�p�o�l�y�m�e�r� �d�u�r�i�n�g� �p�r�o�c�e�s�s�i�n�g� �a�b�o�v�e� �4�0�0� �°�C�[�1�0�1�]�.� �J�a�r�r�e�t�t� �a�n�d� �S�t�a�n�i�l�a�n�d�[�1�1�4�]� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� 
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�e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r� �c�a�n� �i�n�d�u�c�e� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �p�o�l�y�e�t�h�e�r� �k�e�t�o�n�e�-�p�o�l�y�s�u�l�f�o�n�e� �c�o�p�o�l�y�m�e�r�s� �b�e�t�w�e�e�n� 

�3�0�0� �°�C� �a�n�d� �4�5�0� �°�C�,� �b�y� �a�n� �u�n�k�n�o�w�n� �r�e�a�c�t�i�o�n�.� 

�C�h�a�n� �a�n�d� �V�e�n�k�a�t�r�a�m�a�n�[�1�1�5�]�,� �u�s�i�n�g� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r�,� �a�l�t�e�r�e�d� �P�E�K ��s� �a�n�d� �P�E�E�K ��s� �p�h�y�s�i�c�a�l� 

�a�n�d� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r�.� �T�h�e�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�r�o�s�s�l�i�n�k�i�n�g� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �b�y� �b�l�e�n�d�i�n�g� 

�t�h�e� �r�e�a�c�t�a�n�t�s� �i�n� �a�n� �e�x�t�r�u�d�e�r� �a�t� �4�0�0� �°�C� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �a�n�n�e�a�l�i�n�g� �t�h�e� �b�l�e�n�d� �a�t� �2�4�0� �°�C� �f�o�r� �s�e�-� 

�v�e�r�a�l� �h�o�u�r�s� �t�o� �s�e�v�e�r�a�l� �d�a�y�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �c�r�o�s�s�l�i�n�k�i�n�g� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�l�y� �u�n�-� 

�d�e�r�s�t�o�o�d�,� �r�h�e�o�m�e�t�r�i�c� �e�x�p�e�r�i�m�e�n�t�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�h�a�i�n� �s�c�i�s�s�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s� 

�o�c�c�u�r�s� �d�u�r�i�n�g� �b�l�e�n�d�i�n�g�,� �f�o�l�l�o�w�e�d� �b�y� �c�r�o�s�s�l�i�n�k�i�n�g� �d�u�r�i�n�g� �t�h�e� �a�n�n�e�a�l�i�n�g� �p�r�o�c�e�s�s�.� �I�t� �w�a�s� �a�l�s�o� 

�s�h�o�w�n� �t�h�a�t� �c�r�o�s�s�l�i�n�k�i�n�g� �t�o�o�k� �p�l�a�c�e� �a�t� �a� �h�i�g�h�e�r� �r�a�t�e� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �o�x�y�g�e�n�.� 

�D�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �P�E�E�K� �c�u�r�e�d� �w�i�t�h� �t�w�o� �p�e�r�c�e�n�t� �s�u�l�f�u�r� �s�h�o�w�s� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �o�f� �n�e�a�r�l�y� �2�0� �°�C� �a�n�d� �a� �5�0� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�u�b�b�e�r�y� �m�o�d�u�l�u�s� �a�t� �2�0�0� 

�°�C�,� �c�o�m�p�a�r�e�d� �t�o� �c�o�m�m�e�r�c�i�a�l� �P�E�E�K�.� �T�h�e� �p�e�r�c�e�n�t� �c�r�y�s�t�a�l�l�i�n�i�t�y�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �X�-�r�a�y� �s�c�a�t�t�e�r�i�n�g�,� 

�r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t� �(�4�0� �p�e�r�c�e�n�t�)�.� �T�h�e�r�e�f�o�r�e�,� �C�h�a�n� �a�n�d� �V�e�n�k�a�t�r�a�m�a�n� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �s�u�l�f�u�r� �i�n�-� 

�d�u�c�e�d� �c�r�o�s�s�l�i�n�k�i�n�g� �o�c�c�u�r�s� �w�i�t�h�i�n� �t�h�e� �a�m�o�r�p�h�o�u�s� �r�e�g�i�o�n�s� �o�f� �t�h�e� �p�o�l�y�m�e�r�.� 

�S�w�e�d�o� �a�n�d� �M�a�r�v�e�l�[�1�1�6�]� �r�e�p�o�r�t�e�d� �c�r�o�s�s�l�i�n�k�i�n�g� �p�o�l�y�e�t�h�e�r� �k�e�t�o�n�e�s� �t�h�r�o�u�g�h� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� 

�b�i�p�h�e�n�y�l�e�n�e� �u�n�i�t�s�,� �i�n�c�o�r�p�o�r�a�t�e�d� �a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e�,� �a�t� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�0�0� �-� �4�0�0� �°�C�.� 

�G�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �t�h�e�i�r� �s�y�s�t�e�m�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �b�y� �a�s� �m�u�c�h� �a�s� �1�0�0� �°�C�.� 

�M�o�h�a�n�t�y� �e�t� �a�l� �(�1�1�3�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �a�m�o�r�p�h�o�u�s� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�e�t�h�e�r� �k�e�t�o�n�e� 

�o�l�i�g�o�m�e�r�s� �c�o�u�l�d� �b�e� �t�h�e�r�m�a�l�l�y� �c�r�o�s�s�l�i�n�k�e�d� �a�b�o�v�e� �2�2�0� �°�C�.� �U�p�o�n� �h�e�a�t�i�n�g�,� �t�h�e� �a�m�i�n�e� �e�n�d�g�r�o�u�p�s� 

�r�e�a�c�t� �w�i�t�h� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p�s� �a�l�o�n�g� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e� �g�i�v�i�n�g� �i�m�i�n�e� �b�o�n�d�s� �(�F�i�g�u�r�e� �3�4�)�.� 

�S�o�l�i�d� �s�t�a�t�e� �C ��°�N�M�R� �o�f� �t�h�e� �c�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�m�e�r�s� �s�h�o�w�e�d� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �p�e�a�k� �a�t� �1�7�6�.�5� �p�p�m� 

�w�h�i�c�h� �w�a�s� �a�s�s�i�g�n�e�d� �a�s� �t�h�e� �i�m�i�n�e� �b�o�n�d�.� �T�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �a� �1�0�K� �o�l�i�g�o�m�e�r�,� 

�w�h�e�n� �c�r�o�s�s�l�i�n�k�e�d�,� �i�n�c�r�e�a�s�e�s� �b�y� �o�n�l�y� �8� �°�C�.� 

�T�h�o�m�p�s�o�n� �a�n�d� �F�a�r�r�i�s�[�1�1�7�]� �h�a�s� �a�l�s�o� �u�t�i�l�i�z�e�d� �t�h�e� �k�e�t�i�m�i�n�e� �r�e�a�c�t�i�o�n� �i�n� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� 

�P�E�E�K� �w�i�t�h� �1�,�4� �p�h�e�n�y�l�e�n�e� �d�i�a�m�i�n�e�.� �T�h�e� �n�e�t�w�o�r�k� �w�a�s� �f�o�r�m�e�d� �b�y� �r�e�a�c�t�i�n�g� �P�E�E�K� �w�i�t�h� �a� �l�a�r�g�e� 

�e�x�c�e�s�s� �o�f� �t�h�e� �d�i�a�m�i�n�e� �i�n� �d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �a�t� �2�3�0� �°�C� �f�o�r� �3� �h�o�u�r�s�.� �T�h�e� �m�a�t�e�r�i�a�l� �w�a�s� �p�r�e�c�i�p�i�t�a�t�e�d� 

�a�n�d� �t�h�e�n� �p�r�e�s�s�e�d� �a�t� �2�0�0� �°�C� �f�o�r� �o�n�e� �h�o�u�r� �i�n�t�o� �a� �f�i�l�m� �a�n�d� �c�u�r�e�d� �e�i�t�h�e�r� �i�n� �s�i�t�u� �d�u�r�i�n�g� �d�y�n�a�m�i�c� 

�m�e�c�h�a�n�i�c�a�l� �o�r� �d�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �a�n�a�l�y�s�i�s� �o�r� �b�y� �a� �p�r�o�c�e�d�u�r�e� �w�h�i�c�h� �w�a�s� �n�o�t� �r�e�-� 
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�p�o�r�t�e�d�.� �A�s� �e�x�p�e�c�t�e�d�,� �c�u�r�e� �t�i�m�e�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�i�l�m� �t�h�i�c�k�n�e�s�s�.� �T�h�o�m�p�s�o�n� �p�r�o�-� 

�p�o�s�e�d� �t�h�a�t� �t�h�i�s� �w�a�s� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �r�a�t�e� �o�f� �w�a�t�e�r� �f�r�o�m� �t�h�e� �f�i�l�m�.� �T�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �i�m�i�n�e� �l�i�n�k�a�g�e�s� �w�a�s� �i�n�d�i�c�a�t�e�d� �b�y� �C�*�*�N�M�R�,� �s�h�o�w�i�n�g� �t�h�e� �l�o�s�s� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� �s�i�g�n�a�l� 

�a�t� �1�9�2� �p�p�m� �a�n�d� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a�n� �i�m�i�n�e� �s�i�g�n�a�l� �a�t� �1�5�6� �p�p�m�.� �T�h�e� �C�*�°�N�M�R� �i�m�i�n�e� �s�i�g�n�a�l� �a�p�-� 

�p�e�a�r�s� �g�r�e�a�t�e�r� �t�h�a�n� �2�0� �p�p�m� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �r�e�p�o�r�t�e�d� �b�y� �M�o�h�a�n�t�y� �(�1�7�6�.�5� �p�p�m�)�.� �M�o�r�e� �r�e�c�e�n�t� 

�m�e�a�s�u�r�e�m�e�n�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �p�r�o�b�l�e�m�s� �w�i�t�h� �s�p�i�n�n�i�n�g� �s�i�d�e� 

�b�a�n�d�s�.� 

�C�r�o�s�s�l�i�n�k�i�n�g� �p�l�a�y�e�d� �a� �d�r�a�m�a�t�i�c� �e�f�f�e�c�t� �o�n� �t�h�e� �r�u�b�b�e�r�y� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� 

�I�s�o�t�h�e�r�m�a�l� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �a�n� �i�n� �s�i�t�u� �c�u�r�e� �s�a�m�p�l�e� �a�t� �2�0�0� �°�C� �f�o�r� �3� �h�o�u�r�s� 

�s�h�o�w�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �f�r�o�m� �1�0� �M�P�a� �t�o� �2� �G�P�a�.� �H�o�w�e�v�e�r�,� �c�o�m�m�e�r�c�i�a�l� �P�E�E�K� 

�e�x�h�i�b�i�t�s� �n�o� �s�u�c�h� �i�n�c�r�e�a�s�e�.� �D�S�C�,� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �2�8�0� �°�C�,� �o�f� �t�h�e� �c�u�r�e�d� �m�a�t�e�r�i�a�l� �d�o�e�s� 

�n�o�t� �i�n�d�i�c�a�t�e� �a� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �A� �m�e�l�t�i�n�g� �e�n�d�o�t�h�e�r�m� �(�3�3�0� �°�C�)�,� �h�o�w�e�v�e�r�,� �w�a�s� �s�t�i�l�l� �d�e�t�e�c�t�e�d� �b�y� 

�D�S�C�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �c�r�o�s�s�l�i�n�k�e�d� �m�a�t�e�r�i�a�l� �s�t�i�l�l� �h�a�s� �a� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �m�o�r�p�h�o�l�o�g�y�.� �T�h�e� 

�c�u�r�e�d� �P�E�E�K� �p�o�l�y�m�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �i�n�s�o�l�u�b�l�e� �i�n� �s�t�r�o�n�g� �a�c�i�d�s� �s�u�c�h� �a�s� �m�e�t�h�a�n�e� �s�u�l�f�o�n�i�c� �a�c�i�d�.� 

�4�.�2� �B�i�s�m�a�l�e�i�m�i�d�e�s� 

�B�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�s� �w�e�r�e� �c�o�m�m�e�r�c�i�a�l�l�y� �i�n�t�r�o�d�u�c�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0� �y�e�a�r�s� �a�g�o� �t�o� �f�i�l�l� �t�h�e� 

�g�r�o�w�i�n�g� �d�e�m�a�n�d� �f�o�r� �a� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �t�h�e�r�m�o�s�e�t�t�i�n�g� �c�o�m�p�o�s�i�t�e� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l� �f�o�r� �m�i�l�i�t�a�r�y� 

�a�i�r�c�r�a�f�t� �a�p�p�l�i�c�a�t�i�o�n�s�.� �B�i�s�m�a�l�e�i�m�i�d�e�s� �p�o�s�s�e�s�s� �s�u�p�e�r�i�o�r� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�-� 

�t�i�e�s� �c�o�m�p�a�r�e�d� �t�o� �e�p�o�x�i�e�s� �s�i�n�c�e� �t�h�e�y� �h�a�v�e� �h�i�g�h� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�a�t�u�r�e�s�,� �g�r�e�a�t�e�r� �t�h�a�n� �2�5�0� 

�°�C�.� �L�i�k�e� �e�p�o�x�i�e�s� �h�o�w�e�v�e�r�,� �t�h�e�y� �h�a�v�e� �e�x�c�e�l�l�e�n�t� �s�o�l�v�e�n�t� �r�e�s�i�s�t�a�n�c�e�,� �l�o�w� �t�o�x�i�c� �e�m�i�s�s�i�o�n�s�,� �g�o�o�d� 

�a�d�h�e�s�i�v�e� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �c�a�n� �b�e� �e�a�s�i�l�y� �p�r�o�c�e�s�s�e�d�.� �T�o�d�a�y�,� �b�i�s�m�a�l�e�i�m�i�d�e�s� �a�r�e� �u�s�e�d� �i�n� �t�h�e� 

�h�o�r�i�z�o�n�t�a�l� �a�n�d� �v�e�r�t�i�c�a�l� �s�t�a�b�i�l�i�z�e�r�s� �o�f� �t�h�e� �F�-�1�6� �a�s� �w�e�l�l� �a�s� �p�a�r�t�s� �o�f� �t�h�e� �A�V�-�8�B� �v�e�r�t�i�c�a�l� �t�a�k�e� �o�f�f� �a�n�d� 

�l�a�n�d� �f�i�g�h�t�e�r�.� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �9�8



�4�.�2�.�1� �S�y�n�t�h�e�s�i�s� �a�n�d� �C�u�r�i�n�g� �o�f� �B�i�s�m�a�l�e�i�m�i�d�e�s� 

�T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �b�i�s�m�a�l�e�i�m�i�d�e�s� �o�n� �t�h�e� �m�a�r�k�e�t� �(�T�a�b�l�e� �5�)�.� 

�T�h�e�s�e� �m�a�t�e�r�i�a�l�s�,� �w�h�i�c�h� �a�r�e� �u�s�e�d� �a�s� �t�h�e� �b�u�i�l�d�i�n�g� �b�l�o�c�k�s� �f�o�r� �b�i�s�m�a�l�e�i�m�i�d�e� �c�o�m�p�o�s�i�t�e� �r�e�s�i�n�s�,� 

�a�r�e� �a�i�l� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d�s� �w�h�i�c�h� �m�e�l�t� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �9�0� �t�o� �2�3�5� �°�C�.� �T�h�e�y� �a�r�e� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �t�h�e� 

�r�e�a�c�t�i�o�n� �o�f� �a� �b�i�s�a�m�i�n�e� �w�i�t�h� �a�n� �e�x�c�e�s�s� �o�f� �m�a�l�e�i�c� �a�n�h�y�d�r�i�d�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �f�o�r�m�i�n�g� �a� 

�b�i�s�a�m�i�c� �a�c�i�d� �i�n� �q�u�a�n�t�i�t�a�t�i�v�e� �y�i�e�l�d�s� �(�F�i�g�u�r�e� �3�5�)� �[�1�1�8�]�.� �T�h�e� �a�c�i�d� �u�n�d�e�r�g�o�e�s� �c�y�c�l�o�d�e�h�y�d�r�a�t�i�o�n� �i�n� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e� �a�n�d� �f�u�s�e�d� �s�o�d�i�u�m� �a�c�e�t�a�t�e� �a�t� �4�0� �t�o� �6�0� �°�C� �g�i�v�i�n�g� �a� 

�b�i�s�m�a�l�e�i�m�i�d�e�.� �T�h�e� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �p�r�o�d�u�c�t� �h�a�s� �a� �y�i�e�l�d� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0� �p�e�r�c�e�n�t�.� �T�h�i�s� �r�e�-� 

�a�c�t�i�o�n� �h�a�s� �a�l�s�o� �b�e�e�n� �u�s�e�d� �t�o� �f�o�r�m� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�e�t�h�e�r� �s�u�l�f�o�n�e� �o�l�i�g�o�m�e�r�s�[�1�1�9�]�.� 

�B�i�s�m�a�l�e�i�m�i�d�e�s� �a�r�e� �e�a�s�i�l�y� �p�o�l�y�m�e�r�i�z�e�d� �a�n�d� �c�a�n� �b�e� �c�u�r�e�d� �i�n� �t�h�e� �m�o�l�t�e�n� �s�t�a�t�e� �a�b�o�v�e� �1�8�0� 

�°�C�.� �T�h�e� �c�u�r�i�n�g� �i�s� �t�h�o�u�g�h�t� �t�o� �o�c�c�u�r� �t�h�r�o�u�g�h� �f�r�e�e� �r�a�d�i�c�a�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �d�o�u�b�l�e� �b�o�n�d�s� 

�o�f� �t�h�e� �m�a�l�e�i�m�i�d�e� �e�n�d�g�r�o�u�p�s�(�[�(�1�1�8�]�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �a�d�j�a�c�e�n�t� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �w�i�t�h�d�r�a�w�s� 

�e�l�e�c�t�r�o�n�s� �f�r�o�m� �t�h�e� �d�o�u�b�l�e� �b�o�n�d� �m�a�k�i�n�g� �i�t� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �r�a�d�i�c�a�l� �a�t�t�a�c�k�[�1�1�8�]�.� �T�h�e� �c�a�r�b�o�n�y�l� 

�g�r�o�u�p� �t�h�e�n� �s�t�a�b�i�l�i�z�e�s� �t�h�e� �r�a�d�i�c�a�l� �a�f�t�e�r� �t�h�e� �a�t�t�a�c�k� �b�y� �r�e�s�o�n�a�n�c�e�.� �T�h�e� �r�a�t�e� �o�f� �c�u�r�e� �i�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �t�h�e� �m�o�b�i�l�i�t�y� �o�f� �e�n�d�g�r�o�u�p�s�.� �S�t�e�n�z�e�n�b�e�r�g�e�r� �r�e�p�o�r�t�e�d�,� �e�x�a�m�i�n�i�n�g� �b�i�s�m�a�l�e�i�m�i�d�e�s� �c�o�n�t�a�i�n�i�n�g� 

�a� �p�o�l�y�m�e�t�h�y�l�e�n�e� �b�a�c�k�b�o�n�e�,� �t�h�a�t� �t�h�e� �c�u�r�e� �r�a�t�e� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�e�l�t� �v�i�s�c�o�s�i�t�y� �c�a�u�s�e�d� 

�b�y� �i�n�c�r�e�a�s�i�n�g� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s�[�1�2�0�]�.� 

�4�.�2�.�2� �B�i�s�m�a�l�e�i�m�i�d�e� �R�e�s�i�n�s� 

�M�o�s�t� �c�o�m�m�e�r�c�i�a�l� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�s� �a�r�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �v�a�r�i�o�u�s� �b�i�s�m�a�l�e�i�m�i�d�e�s� �a�l�o�n�g� 

�w�i�t�h� �o�t�h�e�r� �a�d�d�i�t�i�v�e�s� �s�u�c�h� �a�s� �a�l�i�p�h�a�t�i�c� �d�i�a�m�i�n�e�s� �m�i�x�e�d� �t�o�g�e�t�h�e�r� �t�o� �s�a�t�i�s�f�y� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� 

�n�e�e�d�e�d� �f�o�r� �a� �s�p�e�c�i�f�i�c� �a�p�p�l�i�c�a�t�i�o�n�.� �T�h�e� �b�a�s�e� �b�i�s�m�a�l�e�i�m�i�d�e� �w�h�i�c�h� �i�s� �m�o�s�t� �w�i�d�e�l�y� �u�s�e�d� �d�u�e� �p�r�i�-� 

�m�a�r�i�l�y� �t�o� �i�t�s� �l�o�w� �p�r�i�c�e�,� �i�s� �4�,�4 ��b�i�s�m�a�l�e�i�m�i�d�o�d�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �(�B�M�I�)�.� �P�r�e�p�r�e�g�g�i�n�g� �f�o�r�m�u�l�a�t�i�o�n�s� 

�h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �c�o�n�t�a�i�n� �5�0� �-� �6�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �b�i�s�m�a�l�e�i�m�i�d�e�s� �w�i�t�h� �t�h�e� �o�t�h�e�r� �4�0� �-� �5�0� 

�p�e�r�c�e�n�t� �b�e�i�n�g� �a� �m�i�x�t�u�r�e� �o�f� �c�h�a�i�n� �e�x�t�e�n�d�e�r�s�,� �i�n�o�r�g�a�n�i�c� �f�i�l�l�e�r�s�,� �e�l�a�s�t�o�m�e�r�s�,� �r�e�a�c�t�i�v�e� �d�i�l�u�e�n�t�s� �a�n�d� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �9�9



�T�a�b�l�e� �5�.� �C�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �b�i�s�m�a�l�e�i�m�i�d�e�s�[�1�2�1�]� 
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�r�e�y� �c�c�)� �w�e�s� 
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�(�4�)� �O�y�e�n� �O�Y� �o�s�a�s�e�|� �N�A� �N�A� 

�/� �w� �|� �O�p�o�r�q�O�~� �f�e�i�s�s�]� �s�a� �|�v� 
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�F�i�g�u�r�e� �3�5�.� �S�y�n�t�h�e�s�i�s� �o�f� �b�i�s�m�a�l�e�i�m�i�d�e�s� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �1�0�1



�c�o�m�o�n�o�m�e�r�s�[�1�2�2�]�.� �T�h�e� �e�x�a�c�t� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e�s�e� �f�o�r�m�u�l�a�t�i�o�n�s�,� �h�o�w�e�v�e�r�,� �a�r�e� �u�s�u�a�l�l�y� �p�r�o�-� 

�p�r�i�e�t�a�r�y� �i�n�f�o�r�m�a�t�i�o�n�.� 

�4�.�2�.�3� �T�o�u�g�h�e�n�i�n�g� �o�f� �B�i�s�m�a�l�e�i�m�i�d�e�s� 

�T�r�a�d�i�t�i�o�n�a�l�l�y�,� �i�n�o�r�g�a�n�i�c� �f�i�l�l�e�r�s� �s�u�c�h� �a�s� �a�l�u�m�i�n�a�,� �s�i�l�i�c�a� �a�n�d� �g�l�a�s�s� �s�p�h�e�r�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� 

�i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �t�o�u�g�h�e�n� �t�h�e� �n�o�r�m�a�l�l�y� �b�r�i�t�t�l�e� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�s�[�1�2�3�]�.� �R�e�c�e�n�t�l�y� �h�o�w�e�v�e�r�,� 

�a�t�t�e�n�t�i�o�n� �i�s� �b�e�i�n�g� �p�a�i�d� �t�o� �t�h�e� �t�o�u�g�h�e�n�i�n�g� �e�f�f�e�c�t�s� �o�f� �c�h�a�i�n� �e�x�t�e�n�d�e�r�s�,� �e�l�a�s�t�o�m�e�r�s� �a�n�d� 

�c�o�m�o�n�o�m�e�r�s�.� �T�h�e� �r�e�s�i�n� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �b�r�i�t�t�l�e� �d�u�e� �t�o� �i�t�s� �h�i�g�h� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �w�h�i�c�h� �r�e�-� 

�s�t�r�i�c�t�s� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x�.� �A�d�d�i�n�g� �e�l�a�s�t�o�m�e�r�s�,� �c�h�a�i�n� �e�x�t�e�n�d�e�r�s�,� �e�t�c�.�,� �i�n�c�r�e�a�s�e�s� 

�t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �c�r�o�s�s�l�i�n�k� �p�o�i�n�t�s�,� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �f�l�e�x�i�b�i�l�i�t�y� �a�n�d� �t�o�u�g�h�n�e�s�s� �o�f� �t�h�e� 

�m�a�t�r�i�x�[�1�1�8�}�]�.� �T�h�e� �n�u�m�b�e�r� �o�f� �r�e�a�g�e�n�t�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�o�u�g�h�e�n�i�n�g� �b�i�s�m�a�l�e�i�m�i�d�e�s� �a�r�e� �l�i�m�i�t�e�d� �d�u�e� 

�t�o� �t�h�e� �r�e�s�i�n�s �� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�e�r�f�o�r�m�a�n�c�e� �r�e�q�u�i�r�e�m�e�n�t�s�.� 

�4�.�2�.�3�.�1� �C�o�m�o�n�o�m�e�r�s� �a�n�d� �O�l�i�g�o�m�e�r�s� 

�O�n�e� �s�u�c�h� �c�o�m�o�n�o�m�e�r� �u�s�e�d� �t�o� �c�h�a�i�n� �e�x�t�e�n�d� �a�n�d� �t�o�u�g�h�e�n� �b�i�s�m�a�l�e�i�m�i�d�e�s� �i�s� 

�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�m�e�t�h�a�n�e�,� �D�A�D�P�M�.� �D�A�D�P�M� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �B�M�I� �m�a�t�r�i�x� �t�h�r�o�u�g�h� �a� 

�M�i�c�h�a�e�l� �a�d�d�i�t�i�o�n� �r�e�a�c�t�i�o�n�[�1�1�8�]�.� �T�h�i�s� �i�n�c�o�r�p�o�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �t�h�e� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �o�f� �t�h�e� �m�a�-� 

�t�r�i�x� �t�h�u�s� �i�n�c�r�e�a�s�i�n�g� �i�t�s� �t�o�u�g�h�n�e�s�s�.� �D�A�D�P�M� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �i�m�p�r�o�v�e� �t�h�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� 

�o�f� �B�M�I� �f�r�o�m� �a� �G�,�,� �o�f� �l�e�s�s� �t�h�a�n� �5�0� �J�/�m�?� �t�o� �a� �G�,�,�.� �o�f� �2�0�0� �J�/�m�?�[�1�2�2�]�.� �C�o�m�m�e�r�c�i�a�l�l�y�,� �D�A�D�P�M� �i�s� �u�s�e�d� 

�i�n� �t�h�e� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�,� �K�e�r�i�m�i�d�e� �6�0�1�,� �f�r�o�m� �R�h�o�n�e�-�P�o�u�l�e�n�c�.� �U�n�f�o�r�t�u�n�a�t�e�l�y� �i�t� �i�s� �r�e�c�o�g�n�i�z�e�d� 

�a�s� �a� �s�e�v�e�r�e� �c�a�r�c�e�n�o�g�e�n�.� 

�A�l�l�y�l�,� �v�i�n�y�l�!� �a�n�d� �p�r�o�p�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �m�o�n�o�m�e�r�s� �a�n�d� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�l�i�g�o�m�e�r�s� 

�h�a�v�e� �b�e�e�n� �u�s�e�d� �a�s� �t�o�u�g�h�e�n�e�r�s�[�1�1�8�,�1�2�2�,�1�2�4�-�1�2�6�]�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� 

�b�i�s�m�a�l�e�i�m�i�d�e� �m�a�t�r�i�x� �v�i�a� �a� �D�i�e�l�s�-�A�l�d�e�r� �o�r� �a�n�  ��e�n�e �� �r�e�a�c�t�i�o�n�.� �T�h�e� �t�o�u�g�h�n�e�s�s� �o�f� �t�h�e�s�e� �n�e�t�w�o�r�k�s� 

�(�T�a�b�l�e� �6�)� �e�x�h�i�b�i�t�s� �a� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �a�n� �o�r�d�e�r� �o�f� �m�a�g�n�i�t�u�d�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� 

�o�f� �t�h�e� �u�n�m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �w�h�i�l�e� �m�a�i�n�t�a�i�n�i�n�g� �a� �T�g� �o�f� �2�5�0� �°�C� �o�r� �g�r�e�a�t�e�r�.� �S�t�e�n�z�e�n�b�e�r�g�e�r� �h�a�s� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �1�0�2



�m�o�d�i�f�i�e�r�s� �[�1�2�2�,�1�2�4�-�1�2�6�]� 
�T�a�b�l�e� �6�.� �T�o�u�g�h�n�e�s�s� �o�f� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�s� �c�o�r�e�a�c�t�e�d� �w�i�t�h� �a�l�l�y�l�,�v�i�n�y�l�,� �a�n�d� �p�r�o�p�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� 
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�W�E�I�G�H�T� �G�.�.� �T�g� 
�T�O�U�G�H�E�N�E�R� �F�R�A�C�T�I�O�N� �(�%�)� �(�J�/�m�?�)� �(�°�C�)� 

�C�o�n�t�r�o�l�/�C�o�m�p�i�m�i�d�e� �7�9�6� �4�0�0� �6�3� �>� �3�0�0� 

�4�,�4 ��b�i�s�(�o�-�p�r�o�p�e�n�y�l�p�h�e�n�o�x�y�)�-� �1�8� �1�8�5� �2�8�5� 
�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �4�0� �2�6�7� �2�5�6� 

�4�,�4 ��b�i�s�(�o�-�p�r�o�p�e�n�y�l�p�h�e�n�o�x�y�)�-� �2�0� �1�9�1� �2�6�6� 
�b�e�n�z�o�p�h�e�n�o�n�e� �3�0� �3�9�7� �2�6�5� 

�4�0� �4�3�9� �2�4�9� 

�4�,�4 ��o�-�m�e�t�h�o�x�y�-�p�-�p�r�o�p�e�n�y�l�-� �2�0� �2�3�4� �3�0�0� 
�p�h�e�n�o�x�y� �d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �4�0� �3�7�8� �2�7�7� 

�4�,�4 ��0�-�m�e�t�h�o�x�y�-�p�-�p�r�o�p�e�n�y�l�-� �2�0� �2�4�7� �2�5�2� 
�p�h�e�n�o�x�y� �b�e�n�z�o�p�h�e�n�o�n�e� �3�0� �5�4�5� �2�5�8� 

�4�0� �4�6�6� �2�6�0� 

�2�,�4 �� �b�i�s�(�o�-�p�r�o�p�e�n�y�l�p�h�e�n�o�x�y�)�-� �2�0� �2�9�6� �2�4�9� 
�b�e�n�z�o�p�h�e�n�o�n�e� �3�0� �3�2�3� �2�5�2� 

�4�0� �4�6�7� �2�4�1� 

�C�o�n�t�r�o�l�/�C�o�m�p�i�m�i�d�e� �3�5�3� �1�0�0� �2�5� �-� 

�D�i�v�i�n�y�l�b�e�n�z�e�n�e� �2�0� �1�8�0� �-� 

�0�,�o ��d�i�a�l�l�y�!� �b�i�s�p�h�e�n�o�l�-�A� �2�4� �3�6�5� �-� 

�C�o�n�t�r�o�l�/�D�e�s�b�i�m�i�d� �1�0�0� �~�2�5� 

�S�t�y�r�e�n�e�/�2�-�h�y�d�r�o�x�y�-� �5�0� �4�7�0� �2�5�0� 
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�r�e�p�o�r�t�e�d� �t�h�a�t� �i�n� �s�y�s�t�e�m�s� �c�o�n�t�a�i�n�i�n�g� �b�i�s�a�l�l�y�l�p�h�e�n�y�l�s�,� �a� �m�a�x�i�m�u�m� �t�o�u�g�h�n�e�s�s� �i�s� �o�b�t�a�i�n�e�d� �a�t� �3�0� 

�t�o� �4�0� �p�e�r�c�e�n�t� �m�o�d�i�f�i�e�r� �(�F�i�g�u�r�e� �3�6�)� �[�1�2�2�]�.� �T�h�e� �m�a�x�i�m�u�m� �i�n� �t�o�u�g�h�n�e�s�s� �w�a�s� �a�l�s�o� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� 

�4�,�4 ��b�i�s�(�-�o�-�m�e�t�h�o�x�y�-�p�-�p�r�o�p�e�n�y�l�p�h�e�n�o�x�y�)� �b�e�n�z�o�p�h�e�n�o�n�e�/�c�o�m�p�i�m�i�d�e� �7�9�6� �s�y�s�t�e�m� �(�T�a�b�l�e� �7�)�.� 

�4�.�2�.�3�.�2� �B�l�e�n�d�e�d� �T�h�e�r�m�o�p�l�a�s�t�i�c�s� 

�A�n� �i�n�c�r�e�a�s�e� �i�n� �t�o�u�g�h�n�e�s�s� �h�a�s� �a�l�s�o� �b�e�e�n� �a�c�h�i�e�v�e�d� �b�y� �p�h�y�s�i�c�a�l�l�y� �b�l�e�n�d�i�n�g� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� 

�w�i�t�h� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n�s�[�1�2�3�,�1�2�7�-�1�2�9�]�.� �T�a�b�l�e� �8� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �r�e�s�i�n�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� 

�m�o�d�i�f�i�e�d� �b�y� �f�o�u�r� �d�i�f�f�e�r�e�n�t� �t�h�e�r�m�o�p�l�a�s�t�i�c�s�.� �T�h�e� �p�o�l�y�h�y�d�a�n�t�o�i�n� �s�y�s�t�e�m� �e�x�h�i�b�i�t�e�d� �t�h�e� �g�r�e�a�t�e�s�t� 

�i�n�c�r�e�a�s�e� �i�n� �t�o�u�g�h�n�e�s�s� �w�i�t�h�o�u�t� �l�o�s�s� �o�f� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �f�l�e�x�u�r�a�l� �m�o�d�u�l�u�s�.� �S�t�e�n�z�e�n�b�e�r�g�e�r� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �r�e�t�e�n�t�i�o�n� �o�f� �f�l�e�x�u�r�a�l� �m�o�d�u�l�u�s� �w�a�s� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�-� 

�a�t�u�r�e�,� �g�r�e�a�t�e�r� �t�h�a�n� �2�5�0� �°�C�,� �o�f� �p�o�l�y�h�y�d�a�n�t�o�i�n�.� �P�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �b�o�t�h� �t�h�e� 

�U�l�t�e�m�/�C�o�m�p�i�m�i�d�e� �s�y�s�t�e�m� �a�n�d� �t�h�e� �p�o�l�y�b�e�n�z�i�m�i�d�a�z�o�l�e�/�m�a�t�r�i�m�i�d� �s�y�s�t�e�m�.� �T�h�e� �e�f�f�e�c�t� �t�h�i�s� �h�a�d� 

�o�n� �t�h�e� �m�a�t�e�r�i�a�l�s �� �t�o�u�g�h�n�e�s�s� �w�a�s� �n�o�t� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d�.� 

�S�t�e�n�z�e�n�b�e�r�g�e�r� �a�n�d� �H�e�r�g�e�n�r�o�t�h�e�r� �h�a�v�e� �r�e�c�e�n�t�l�y� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �t�o�u�g�h�e�n�i�n�g� �m�e�c�h�a�n�i�s�m� 

�o�f� �f�o�u�r� �d�i�f�f�e�r�e�n�t� �a�m�o�r�p�h�o�u�s� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e�s�[�1�2�3�]�.� �T�h�e� �P�E�A�K�s� �w�e�r�e� �b�a�s�e�d� �o�n� 

�1�,�3�-�b�i�s�(�4�-�f�l�u�o�r�o�b�e�n�z�o�y�l�)� �b�e�n�z�e�n�e� �a�n�d� �t�h�e� �b�i�s�p�h�e�n�o�l�s�,� �b�i�s�p�h�e�n�o�l�-�A�,� �1�,�1�-�b�i�s�(�4�-�h�y�d�r�o�x�y�-�p�h�e�n�y�l�)� 

�{�-�p�h�e�n�y�l�e�t�h�a�n�e�,� �a�n�d� �9�-�9�-�b�i�s�(�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�)� �f�l�u�o�r�e�n�e�.� �T�h�e�y� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r� 

�b�a�c�k�b�o�n�e�s� �w�i�t�h� �t�h�e� �l�e�a�s�t� �b�u�l�k�i�n�e�s�s� �(�b�i�s�p�h�e�n�o�l�-�A�)� �h�a�d� �t�h�e� �g�r�e�a�t�e�s�t� �i�n�c�r�e�a�s�e� �i�n� �t�o�u�g�h�n�e�s�s� 

�(�T�a�b�l�e� �9�)�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �P�A�E�K� �i�n�t�e�r�p�e�n�e�t�r�a�t�e�d� �t�h�e� �b�i�s�m�a�l�e�i�m�i�d�e� �m�a�t�r�i�x�,� �l�e�a�d�i�n�g� �t�o� 

�a� �t�o�u�g�h�e�n�e�d� �b�i�s�m�a�l�e�i�m�i�d�e�.� �S�t�e�n�z�e�n�b�e�r�g�e�r� �a�n�d� �H�e�r�g�e�n�r�o�t�h�e�r� �a�l�s�o� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�n� �t�o�u�g�h�n�e�s�s�.� �T�h�e�y� �o�b�s�e�r�v�e�d� �n�o� �d�i�f�f�e�r�e�n�c�e� �f�o�r� �t�w�o� �b�i�s�p�h�e�n�o�l�-�A� �b�a�s�e�d� 

�p�o�l�y�m�e�r�s� �w�h�i�c�h� �h�a�d� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �1�2�2�,�0�0�0� �a�n�d� �5�3�,�8�0�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�w�o� �t�y�p�e�s� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�e�d� �m�o�r�p�h�o�l�o�g�i�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d�,� �b�u�t� �n�o� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �f�r�a�c�-� 

�t�u�r�e� �t�o�u�g�h�n�e�s�s� �a�n�d� �m�o�r�p�h�o�l�o�g�y� �c�o�u�l�d� �b�e� �c�o�n�c�l�u�d�e�d�.� 

�4�.�2�.�3�.�3� �E�l�a�s�t�o�m�e�r� �M�o�d�i�f�i�c�a�t�i�o�n� 

�M�o�d�i�f�i�c�a�t�i�o�n� �o�f� �b�i�s�m�a�l�e�i�m�i�d�e�s� �w�i�t�h� �b�u�t�a�d�i�e�n�e� �a�c�r�y�l�o�n�i�t�r�i�l�e� �r�u�b�b�e�r� �a�n�d� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� 

�o�l�i�g�o�m�e�r�s� �h�a�s� �a�l�s�o� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d�[�1�1�8�,�1�2�6�,�1�3�0�]�.� �T�h�e�s�e� �s�y�s�t�e�m�s� �a�r�e� �p�r�i�m�a�r�i�l�y� �d�e�s�i�g�n�e�d� �f�o�r� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �1�0�4
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�a�d�h�e�s�i�v�e� �a�p�p�l�i�c�a�t�i�o�n�s�,� �s�i�n�c�e� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �r�u�b�b�e�r�y� �m�a�t�e�r�i�a�l�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e�s� 

�t�h�e� �m�a�t�r�i�x ��s� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �s�t�i�f�f�n�e�s�s�.� �T�a�b�l�e� �9� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �f�o�r� �t�h�e�s�e� �s�y�s�t�e�m�s�.� �R�u�b�b�e�r� 

�m�o�d�i�f�i�c�a�t�i�o�n� �e�x�h�i�b�i�t�s� �t�h�e� �g�r�e�a�t�e�s�t� �i�m�p�r�o�v�e�m�e�n�t�s� �o�f� �t�o�u�g�h�n�e�s�s� �w�i�t�h� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�s� 

�r�i�s�i�n�g� �t�o� �v�a�l�u�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �1� �K�J�/�m�*�?�.� �T�h�e�s�e� �s�y�s�t�e�m�s� �w�e�r�e� �a�l�l� �f�o�u�n�d� �t�o� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�e� 

�e�x�c�e�p�t� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �c�a�r�b�o�x�y� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�b�u�t�a�d�i�e�n�e� �a�c�r�y�o�n�i�t�r�i�l�e�,� �C�T�B�N�,� �m�o�d�i�f�i�e�d� 

�D�e�s�b�i�m�i�d�,� �w�h�e�r�e� �m�a�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �o�c�c�u�r�r�e�d� �d�u�e� �t�o� �t�h�e� �l�o�w� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �r�u�b�b�e�r� �w�i�t�h� 

�t�h�e� �m�a�l�e�i�m�i�d�e� �a�t� �t�h�e� �s�y�s�t�e�m ��s� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5� �°�C�.� �S�t�e�n�z�e�n�b�e�r�g�e�r� �f�o�u�n�d� �f�o�r� �t�h�e� �c�a�s�e� 

�o�f� �C�T�B�N� �m�o�d�i�f�i�e�d� �C�o�m�p�i�m�i�d�e� �3�5�3�,� �a� �m�a�x�i�m�u�m� �i�n� �t�o�u�g�h�n�e�s�s� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� �4�3� �p�e�r�c�e�n�t� �r�u�b�-� 

�b�e�r�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t� �p�e�n�d�e�n�t� �1�,�2� �d�o�u�b�l�e� �b�o�n�d�s� �c�o�p�o�l�y�m�e�r�i�z�e�d� �w�i�t�h� �t�h�e� �m�a�l�e�i�m�i�d�e� �g�r�o�u�p�s�.� 

�C�h�a�p�t�e�r� �4� �R�e�v�i�e�w� �o�f� �M�a�t�e�r�i�a�l�s� �1�0�9



�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

�5�.�1� �S�y�n�t�h�e�s�i�s� �o�f� �P�o�l�y�(�A�r�y�l�e�n�e� �E�t�h�e�r�)� �K�e�t�o�n�e� �O�l�i�g�o�m�e�r�s� �a�n�d� �P�o�l�y�m�e�r�s� 

�5�.�1�.�1� �A�m�i�n�e� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� �O�l�i�g�o�m�e�r�s� 

�A�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �P�o�l�y�(�a�r�y�l�e�n�e� �e�t�h�e�r�)� �k�e�t�o�n�e� �(�P�E�K�E�)� �o�l�i�g�o�m�e�r�s� �o�f� �c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �v�i�a� �a�n� �a�r�o�m�a�t�i�c� �n�u�c�l�e�o�p�h�i�l�i�c� �s�u�b�s�t�i�t�u�t�i�o�n� �r�e�a�c�t�i�o�n� �o�f� �b�i�s�p�h�e�n�o�l�-�A� 

�(�B�i�s�-�A�)�,� �(�p�h�e�n�o�l�a�t�e�)�,� �4�,�4 ��-�d�i�f�l�u�o�r�o�b�e�n�z�o�p�h�e�n�o�n�e� �(�D�F�B�P�)� �a�n�d� �m�-�a�m�i�n�o�p�h�e�n�o�l� �(�M�A�P�)�,� �(�F�i�g�u�r�e� 

�3�7�)�.� �T�h�e� �r�a�t�i�o�s� �o�f� �t�h�e� �t�h�r�e�e� �m�o�n�o�m�e�r�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �a� �m�o�d�i�f�i�e�d� �C�a�r�o�t�h�e�r ��s� �e�q�u�a�t�i�o�n� 

�(�S�c�h�e�m�e� �1�)�.� �T�h�e� �m�o�n�o�m�e�r�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �a�p�p�a�r�a�t�u�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�8�.� �T�h�e� �s�i�z�e� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n� �f�l�a�s�k� �u�s�e�d� �r�a�n�g�e�d� �f�r�o�m� �1� �t�o� �1�2� �l�i�t�e�r�s� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �q�u�a�n�i�t�y� �o�f� �p�o�l�y�m�e�r� �d�e�s�i�r�e�d� �(�1�0�0� 

�t�o� �1�3�0�0� �g�r�a�m�s�)�.� �A� �5�0� �p�e�r�c�e�n�t� �e�x�c�e�s�s� �o�f� �p�o�t�a�s�s�i�u�m� �c�a�r�b�o�n�a�t�e� �w�a�s� �u�s�e�d� �f�o�r� �a�l�l� �r�e�a�c�t�i�o�n�s�.� �I�t� 

�w�a�s� �l�a�t�e�r� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �o�n�l�y� �a� �5� �p�e�r�c�e�n�t� �e�x�c�e�s�s� �w�a�s� �n�e�c�e�s�s�a�r�y�.� �A� �1� �t�o� �2� �r�a�t�i�o� �o�f� �t�o�l�u�e�n�e�,� 

�(�a�z�e�o�t�r�o�p�i�n�g� �s�o�l�v�e�n�t�)�,� �t�o� �N�-�m�e�t�h�y�l�p�y�r�r�o�l�i�d�i�n�o�n�e�,� �(�a�p�r�o�t�i�c�,� �d�i�p�o�l�a�r� �s�o�l�v�e�n�t�)�,� �w�a�s� �t�h�e�n� �a�d�d�e�d�.� 

�C�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� �r�i�n�s�e� �o�u�t� �t�h�e� �b�e�a�k�e�r�,� �w�h�i�c�h� �w�a�s� �u�s�e�d� �t�o� �w�e�i�g�h� �o�u�t� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l�s�,� 

�i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �e�n�s�u�r�e� �q�u�a�n�t�i�t�a�t�i�v�e� �t�r�a�n�s�f�e�r� �o�f� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l�s�.� �T�h�e� �p�e�r�c�e�n�t� �s�o�l�i�d�s� �o�f� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�1�0
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�F�i�g�u�r�e� �3�7�.� �S�y�n�t�h�e�s�i�s� �o�f� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�e�t�h�e�r�k�e�t�o�n�e�e�t�h�e�r�.� 
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�F�i�g�u�r�e� �3�8�.� �A�p�p�a�r�a�t�u�s� �f�o�r� �s�o�l�u�t�i�o�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s�[�1�3�1�]�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�1�2



�m�o�n�o�m�e�r�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �v�o�l�u�m�e� �o�f� �N�M�P� �c�a�m�e� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0� �p�e�r�c�e�n�t�.� �T�h�e� �r�e�a�c�t�i�o�n� 

�w�a�s� �h�e�a�t�e�d� �b�y� �a� �h�e�a�t�i�n�g� �m�a�n�t�l�e� �a�n�d� �p�u�r�g�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n�.� 

�I�n�i�t�i�a�l�l�y�,� �u�p�o�n� �h�e�a�t�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n�,� �a� �g�r�e�e�n�i�s�h� �t�i�n�t� �w�a�s� �o�b�s�e�r�v�e�d�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �t�h�e� �p�h�e�n�o�l�a�t�e� �o�f� �B�i�s�-�A�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �a�l�l�o�w�e�d� �t�o� �r�e�f�l�u�x� �a�t� �1�4�5� �°�C� �f�o�r� �8� �t�o� �2�4� �h�o�u�r�s� �t�o� 

�a�z�e�t�r�o�p�e� �o�f�f� �w�a�t�e�r� �w�h�i�c�h� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �p�o�t�a�s�s�i�u�m� �c�a�r�b�o�n�a�t�e� �a�n�d� �B�i�s�-�A�.� 

�T�o�l�u�e�n�e� �a�n�d� �w�a�t�e�r� �w�e�r�e� �r�e�m�o�v�e�d� �v�i�a� �a� �d�e�a�n� �s�t�a�r�k� �t�r�a�p�,� �a�l�l�o�w�i�n�g� �t�h�e� �r�e�f�l�u�x� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �r�i�s�e� 

�t�o� �1�6�5� �°�C�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �f�o�r� �a�n�o�t�h�e�r� �8� �t�o� �2�4� �h�o�u�r�s� �b�e�f�o�r�e� �t�h�e� �r�e�a�c�t�i�o�n� 

�w�a�s� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �L�o�n�g�e�r� �r�e�a�c�t�i�o�n� �t�i�m�e�s� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �l�a�r�g�e�r� 

�s�c�a�l�e� �r�e�a�c�t�i�o�n�s� �t�o� �e�n�s�u�r�e� �q�u�a�n�t�i�t�a�t�i�v�e� �c�o�n�v�e�r�s�i�o�n�,� �a�l�t�h�o�u�g�h�,� �t�h�e�y� �w�e�r�e� �m�o�s�t� �l�i�k�e�l�y� �c�o�m�p�l�e�t�e�d� 

�w�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �8� �h�o�u�r�s�.� 

�T�h�e� �c�o�o�l�e�d� �s�o�l�u�t�i�o�n� �w�a�s� �d�i�l�u�t�e�d� �w�i�t�h� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �p�e�r�c�e�n�t� 

�o�f� �t�h�e� �t�o�t�a�l� �s�o�l�u�t�i�o�n� �v�o�l�u�m�e� �a�n�d� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �B�u�c�k�n�e�r� �f�u�n�n�e�l�.� �T�h�i�s� �f�i�l�t�r�a�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �t�o� �r�e�m�o�v�e� �t�h�e� �b�u�l�k� �o�f� �t�h�e� �i�n�o�r�g�a�n�i�c� �s�a�l�t�s�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �t�h�e�n� �a�c�i�d�i�f�i�e�d� �w�i�t�h� 

�g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d�,� �u�s�u�a�l�l�y� �1�0�0� �m�l�!� �o�f� �a�c�i�d� �f�o�r� �e�v�e�r�y� �5�0�0� �m�l� �o�f� �N�M�P�,� �a�n�d� �f�u�r�t�h�e�r� �d�i�l�u�t�e�d� �t�o� �a� �1�0� 

�w�e�i�g�h�t� �p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n� �w�i�t�h� �T�H�F�.� �T�h�e� �e�x�c�e�s�s�i�v�e� �a�m�o�u�n�t� �o�f� �a�c�i�d� �w�a�s� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �a� �f�i�n�e� 

�p�o�w�d�e�r� �d�u�r�i�n�g� �c�o�a�g�u�l�a�t�i�o�n�.� �S�o�m�e� �o�l�i�g�o�m�e�r�s� �p�r�e�c�i�p�i�t�a�t�e�d� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �a�c�i�d� �b�u�t� �l�a�t�e�r� 

�w�o�u�l�d� �r�e�d�i�s�s�o�l�v�e� �w�i�t�h� �s�t�i�r�r�i�n�g�.� 

�T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �c�o�a�g�u�l�a�t�e�d� �i�n� �a� �7�0�/�3�0� �m�i�x�t�u�r�e� �o�f� �m�e�t�h�a�n�o�l� �t�o� �w�a�t�e�r� �u�s�i�n�g� �1�0�0� �m�l� �o�f� 

�m�e�t�h�a�n�o�l�/�w�a�t�e�r� �f�o�r� �e�v�e�r�y� �1�0� �m�i� �o�f� �s�o�l�u�t�i�o�n�.� �T�h�e� �c�o�l�o�r� �o�f� �t�h�e� �f�i�l�t�e�r�e�d� �p�r�o�d�u�c�t� �v�a�r�i�e�d� �f�r�o�m� �o�f�f� 

�w�h�i�t�e� �t�o� �t�a�n�.� �A�f�t�e�r� �1�2� �h�o�u�r�s� �o�f� �a�i�r� �d�r�y�i�n�g�,� �t�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �b�r�o�k�e�n� �u�p� �a�n�d� �p�l�a�c�e�d� �i�n� �l�a�r�g�e� 

�c�r�y�s�t�a�l�l�i�z�i�n�g� �d�i�s�h�e�s�.� �T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �d�r�i�e�d� �a�t� �8�0� �°�C� �u�n�d�e�r� �v�a�c�u�u�m� �u�n�t�i�l� �t�h�e� �e�v�o�l�u�t�i�o�n� �o�f� 

�a�c�e�t�i�c� �a�c�i�d� �c�o�u�l�d� �b�e� �d�e�t�e�c�t�e�d�.� �O�f�t�e�n�,� �s�o�m�e� �o�f� �t�h�e� �o�l�i�g�o�m�e�r�s� �f�l�o�w�e�d� �t�o�g�e�t�h�e�r� �d�u�r�i�n�g� �t�h�i�s� �d�r�y�i�n�g� 

�p�r�o�c�e�s�s� �t�o� �f�o�r�m� �s�t�i�c�k�y�,� �g�u�m�m�y� �s�o�l�i�d�s�.� �T�h�e� �f�l�o�w�i�n�g� �p�h�e�n�o�m�e�n�a� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �c�a�u�s�e�d� �b�y� 

�r�e�s�i�d�u�a�l� �N�M�P� �i�n� �t�h�e� �p�o�w�d�e�r�.� �T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �t�h�e�n� �r�e�d�i�s�s�o�l�v�e�d� �i�n� �T�H�F� �t�o� �a� �1�0� �w�e�i�g�h�t� 

�p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n� �a�n�d� �r�e�c�o�a�g�u�l�a�t�e�d� �i�n� �1�0�0� �p�e�r�c�e�n�t� �m�e�t�h�a�n�o�l� �u�s�i�n�g� �1�0�0� �m�!� �o�f� �m�e�t�h�a�n�o�l� �f�o�r� �e�v�e�r�y� 

�1�0� �m�l� �o�f� �s�o�l�u�t�i�o�n�.� �T�h�e� �s�e�c�o�n�d� �c�o�a�g�u�l�a�t�i�o�n� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �r�e�m�o�v�e� �t�h�e� �r�e�m�a�i�n�i�n�g� �h�i�g�h� �b�o�i�l�-� 

�i�n�g� �s�o�l�v�e�n�t�s� �t�r�a�p�p�e�d� �w�i�t�h�i�n� �t�h�e� �g�l�a�s�s�y� �o�l�i�g�o�m�e�r�s�.� �T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �o�n�c�e� �a�g�a�i�n� �f�i�l�t�e�r�e�d� �a�n�d� 

�d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�t� �8�0� �°�C�.� �F�i�n�a�l� �y�i�e�l�d�s� �w�e�r�e� �8�5� �t�o� �9�5� �p�e�r�c�e�n�t� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�1�3



�5�.�1�.�2� �M�a�l�e�i�m�i�d�e� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� �O�l�i�g�o�m�e�r�s� 

�M�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�e�t�h�e�r� �k�e�t�o�n�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� 

�o�f� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�i�t�h� �m�a�l�e�i�c� �a�n�h�y�d�r�i�d�e�,� �(�F�i�g�u�r�e� �3�9�)�.� �T�h�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� 

�c�o�n�d�u�c�t�e�d� �i�n� �a� �1�5� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n� �u�s�i�n�g� �e�i�t�h�e�r� �r�e�f�l�u�x�i�n�g� �c�h�l�o�r�o�b�e�n�z�e�n�e� �o�r� �a� �N�U�P�/�C�H�P� 

�m�i�x�t�u�r�e� �a�s� �t�h�e� �s�o�l�v�e�n�t�.� �F�o�r� �t�h�e� �N�M�P�/�C�H�P� �s�y�s�t�e�m�s�,� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �t�w�o� �s�o�l�v�e�n�t�s� �w�a�s� �a�p�p�r�o�x�-� 

�i�m�a�t�e�l�y� �5� �t�o� �1�.� �C�h�l�o�r�o�b�e�n�z�e�n�e� �w�a�s� �p�r�e�f�e�r�r�e�d� �s�i�n�c�e� �i�t�s� �b�o�i�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�3�2� �°�C� �w�a�s� �h�i�g�h� 

�e�n�o�u�g�h� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �i�m�i�d�i�z�e� �t�h�e� �m�a�l�e�i�c� �a�c�i�d� �w�i�t�h�o�u�t� �i�n�d�u�c�i�n�g� �p�r�e�m�a�t�u�r�e� �c�r�o�s�s�l�i�n�k�i�n�g�.� �T�h�e� 

�r�e�a�c�t�i�o�n�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �f�o�r� �1�2� �t�o� �3�6� �h�o�u�r�s�.� �T�h�e� �r�e�a�c�t�i�o�n� �a�p�p�a�r�a�t�u�s� �w�a�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�a�t� �f�o�r� 

�t�h�e� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r� �s�y�n�t�h�e�s�i�s�.� 

�T�h�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �c�o�o�l�e�d� �a�n�d� �t�h�e�n� �d�i�l�u�t�e�d� �w�i�t�h� �e�i�t�h�e�r� �T�H�F� �o�r� �c�h�l�o�r�o�f�o�r�m� 

�t�o� �f�o�r�m� �a� �1�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n�.� �T�h�e�y� �w�e�r�e� �t�h�e�n� �f�i�l�t�e�r�e�d� �a�n�d� �t�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �c�o�a�g�-� 

�u�l�a�t�e�d� �i�n� �m�e�t�h�a�n�o�l�.� �T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�t� �8�0� �°�C�,� �r�e�d�i�s�s�o�l�v�e�d� �i�n� 

�e�i�t�h�e�r� �T�H�F� �o�r� �c�h�o�l�r�o�f�o�r�m�,� �a�n�d� �r�e�c�o�a�g�u�l�a�t�e�d� �i�n� �m�e�t�h�a�n�o�l�.� �T�h�e� �c�o�l�o�r� �o�f� �t�h�e� �d�r�i�e�d� �p�r�o�d�u�c�t� �w�a�s� 

�s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �t�h�e� �a�m�i�n�e� �o�l�i�g�o�m�e�r�s� �p�r�e�c�u�r�s�o�r�.� 

�5�.�1�.�3� �N�a�d�i�m�i�d�e� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� �O�l�i�g�o�m�e�r�s� 

�N�a�d�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �(�p�r�e�p�a�r�e�d� �b�y� �D�r�.� �S�.� �D�.� �W�u�)� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� 

�a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �a�n�d� �5� �N�o�r�b�o�r�n�e�n�e�-�2�,�3�-�d�i�c�a�r�b�o�x�y�l�i�c� �a�n�h�y�d�r�i�d�e� �(�F�i�g�u�r�e� �4�0�)�.� 

�T�h�e� �d�e�r�i�v�a�t�i�z�a�t�i�o�n�s� �w�e�r�e� �a�g�a�i�n� �d�o�n�e� �i�n� �c�h�l�o�r�o�b�e�n�z�e�n�e� �a�t� �r�e�f�l�u�x� �f�o�r� �2�4� �h�o�u�r�s�.� �T�h�e� �f�i�n�a�l� 

�o�l�i�g�o�m�e�r� �w�a�s� �f�i�l�t�e�r�e�d�,� �c�o�a�g�u�l�a�t�e�d� �a�n�d� �d�r�i�e�d� �i�n� �a�n� �a�n�a�l�o�g�o�u�s� �f�a�s�h�i�o�n� �t�o� �t�h�e� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�-� 

�n�a�t�e�d� �m�a�t�e�r�i�a�l�s�.� 
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�5�.�1�.�4� �P�a�r�a� �t�-�B�u�t�y�!� �P�h�e�n�y�l� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� �O�l�i�g�o�m�e�r�s� 

�P�a�r�a� �t�-�b�u�t�y�l� �p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �t�o� �p�r�o�d�u�c�e� �n�o�n�-� 

�r�e�a�c�t�i�v�e� �e�n�d� �g�r�o�u�p�s�.� �P�a�r�a� �t�-�b�u�t�y�l� �p�h�e�n�o�l� �w�a�s� �u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �m�-�a�m�i�n�o�p�h�e�n�o�l� �a�s� �t�h�e� 

�o�l�i�g�o�m�e�r�i�c� �e�n�d�c�a�p�p�i�n�g� �r�e�a�g�e�n�t�.� �T�h�e� �p�o�l�y�m�e�r�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �u�n�d�e�r� �i�d�e�n�t�i�c�a�l� �c�o�n�d�i�t�i�o�n�s� �t�o� �t�h�e� 

�a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s�.� 

�5�.�1�.�5� �M�a�l�e�i�m�i�d�e� �T�e�r�m�i�n�a�t�e�d� �P�E�K�K�E� �O�l�i�g�o�m�e�r�s� 

�M�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�e�t�h�e�r�k�e�t�o�n�e�k�e�t�o�n�e�e�t�h�e�r�s�,� �P�E�K�K�E�,� �(�p�r�e�p�a�r�e�d� �b�y� �G�.� �D�.� �L�y�l�e�)�,� 

�w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �a� �t�w�o� �s�t�e�p� �p�r�o�c�e�d�u�r�e� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� 

�o�l�i�g�o�m�e�r�s�.� �I�n� �t�h�e� �f�i�r�s�t� �s�t�e�p� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �B�i�s�-�A�,� 

�b�i�s�(�4�-�c�h�l�o�r�o�b�e�n�z�o�y�l�)� �b�e�n�z�e�n�e� �a�n�d� �m�-�a�m�i�n�o�p�h�e�n�o�l�,� �(�F�i�g�u�r�e� �4�1�)�.� �T�h�e�s�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �c�o�n�-� 

�d�u�c�t�e�d� �i�n� �d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e� �a�n�d� �t�o�l�u�e�n�e�;� �u�s�i�n�g� �p�o�t�a�s�s�i�u�m� �c�a�r�b�o�n�a�t�e� �a�s� �t�h�e� �b�a�s�i�c� �c�a�t�a�l�y�s�t�.� 

�R�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� �o�l�i�g�o�m�e�r�i�c� �p�u�r�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �f�o�r� �t�h�e� 

�P�E�K�E� �o�l�i�g�o�m�e�r�s�.� 

�I�n� �t�h�e� �s�e�c�o�n�d� �s�t�e�p�,� �i�m�i�d�i�z�a�t�i�o�n�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �i�n� �N�-�c�y�c�l�o�h�e�x�y�!� �p�y�r�r�o�l�i�d�o�n�e� �u�s�i�n�g� �o�n�l�y� 

�a� �s�l�i�g�h�t� �e�x�c�e�s�s� �o�f� �m�a�l�e�i�c� �a�n�h�y�d�r�i�d�e�.� �R�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �w�o�r�k� �u�p� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� 

�o�l�i�g�o�m�e�r�s� �w�e�r�e� �a�g�a�i�n� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �f�o�r� �P�E�K�E� �o�l�i�g�o�m�e�r�s�.� 

�5�.�2� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� �D�e�t�e�r�m�i�n�a�t�i�o�n� 

�5�.�2�.�1� �T�i�t�r�a�t�i�o�n� �o�f� �A�m�i�n�e� �E�n�d� �G�r�o�u�p�s� 

�N�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �a�r�o�m�a�t�i�c� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �d�e�-� 

�t�e�r�m�i�n�e�d� �b�y� �t�i�t�r�a�t�i�o�n� �o�f� �t�h�e� �a�m�i�n�e� �e�n�d�g�r�o�u�p�s� �u�s�i�n�g� �a�n� �H�B�r� �a�c�e�t�i�c� �a�c�i�d� �t�i�t�r�a�n�t�.� �T�h�e� �p�o�l�y�m�e�r�s� 
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�N�H� 

�O�-�O� 

�1�1�8



�w�e�r�e� �w�e�i�g�h�e�d� �i�n�t�o� �a� �1�5�0� �m�i� �b�e�a�k�e�r� �a�n�d� �d�i�s�s�o�l�v�e�d� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �6�0� �m�l� �c�h�l�o�r�o�b�e�n�z�e�n�e� �a�n�d� �3�0� 

�m�l� �o�f� �a�c�e�t�i�c� �a�c�i�d�.� �T�h�e� �t�i�t�r�a�t�i�o�n� �e�n�d�p�o�i�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �e�i�t�h�e�r� �b�y� �c�o�l�o�r� �c�h�a�n�g�e� �u�s�i�n�g� �c�r�y�s�t�a�l� 

�b�l�u�e� �a�s� �a�n� �i�n�d�i�c�a�t�o�r� �o�r� �b�y� �a� �p�o�t�e�n�t�i�a�l� �c�h�a�n�g�e� �u�s�i�n�g� �a� �F�i�s�h�e�r� �o�r� �M�C�I� �t�i�t�r�a�t�o�r�.� �<�M�n�>� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �b�y� �e�q�u�a�t�i�o�n� �1�.� �A�n� �a�v�e�r�a�g�e� �o�f� �t�h�r�e�e� �v�a�l�u�e�s� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�p�o�r�t�e�d� �r�e�s�u�l�t�.� 

�W�i�n� �=� �S�E�C� �[�5�.�1�]� 

�w�h�e�r�e�:� 

�M�n� �=� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�N�e�c� �=� �n�u�m�b�e�r� �o�f� �e�n�d�g�r�o�u�p�s� �p�e�r� �c�h�a�i�n� �(�a�s�s�u�m�e�d� �t�o� �b�e� �2�)� 

�W�t� �=� �w�e�i�g�h�t� �o�f� �t�h�e� �s�a�m�p�l�e� 

�N� �=� �n�o�r�m�a�l�i�t�y� �o�f� �t�h�e� �t�i�t�r�a�n�t� 

�V� �=� �v�o�l�u�m�e� �o�f� �t�h�e� �t�i�t�r�a�n�t� 

�5�.�2�.�2� �P�r�o�t�o�n� �N�M�R� �S�p�e�c�t�r�o�s�c�o�p�y� 

�T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�-�b�u�t�y�l� �p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �p�r�o�t�o�n� �N�M�R� �b�y� �r�a�t�i�o�i�n�g� �t�h�e� �i�n�t�e�g�r�a�t�e�d� �p�e�a�k� �a�r�e�a�s� �o�f� �t�h�e� �t�-�b�u�t�y�l� �g�r�o�u�p� �t�o� �t�h�a�t� 

�o�f� �t�h�e� �i�s�o�p�r�o�p�y�l�i�d�e�n�e� �m�e�t�h�y�l� �g�r�o�u�p�s� �(�F�i�g�u�r�e� �4�2�)� �a�s� �s�h�o�w�n� �i�n� �e�q�u�a�t�i�o�n� �2�.� 

�_�_� �1�8�A�i�s�o� 
�M�n� �=� �4�0�6�,�  � ��S�2� �|� �+� �3�9�6� �[�5�.�2�]� 

�6�A�t�a�p� 

�w�h�e�r�e�:� 

�1�8� �A�i�s� �/�6� �A�.�s�p� �n�u�m�b�e�r� �o�f� �r�e�p�e�a�t� �u�n�i�t�s� 

�A� �i�s�o� �i�n�t�e�g�r�a�t�e�d� �a�r�e�a� �o�f� �t�h�e� �i�s�o�p�r�o�p�y�l�i�d�e�n�e� �p�r�o�t�o�n�s� 

�A� �=� �i�n�t�e�g�r�a�t�e�d� �a�r�e�a� �o�f� �t�h�e� �t� �b�u�t�y�l� �p�r�o�t�o�n�s� �t�B�P� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�1�9
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�v�a�l�s� �e�l�o� �c�l�s� �v�i�o� �a�l�s� �e�l�o� �a�l�s� �s�l�o� �u�l�e� �a�l�o� �a�l�e� �a�l�o� �o�l�e� �l�e� �l�e� 

�8�.�5�  ¬�@�0� �7�.�5� �7�.�0� �6�.�5� �6�.�0� �5�.�0� �5� �B�e�e� �3�.�9� �3�.�0� �2�.�5� �2�.�0� �1�.� �0� �0�.�0� �-�.�5� 

�F�i�g�u�r�e� �4�2�.� �P�r�o�t�o�n� �N�M�R� �o�f� �t�-�b�u�t�y�l�p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�0



�5�.�2�.�3� �I�n�t�r�i�n�s�i�c� �V�i�s�c�o�s�i�t�y� 

�T�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �f�u�n�c�t�i�o�n�a�l�l�y� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �a�n�d� �P�E�K�K�E� �o�l�i�g�o�m�e�r�s� �w�a�s� 

�m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �C�a�n�n�o�n� �1�0�0� �V�i�s�c�o�m�e�t�e�r� �f�r�o�m� �s�o�l�u�t�i�o�n�s� �p�r�e�p�a�r�e�d� �i�n� �c�h�l�o�r�o�f�o�r�m�,� �a�t� �2�5� �°�C�.� 

�I�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �o�f� �t�h�e� �t�-�b�u�t�y�i�p�h�e�n�y�!� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �g�e�l� �p�e�r�-� 

�m�e�a�t�i�o�n� �c�h�r�o�m�o�t�a�g�r�a�p�h�y�,� �d�i�f�f�e�r�e�n�t�i�a�l� �v�i�s�c�o�s�i�t�y� �a�n�a�l�y�s�i�s�.� �I�n� �t�h�i�s� �a�n�a�l�y�s�i�s�,� �a� �W�a�t�e�r�s� �1�5�0�C� 

�A�L�C�/�G�P�C� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �d�i�f�f�e�r�e�n�t�i�a�l� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �d�e�t�e�c�t�o�r� �a�n�d� �a� �V�i�s�c�o�t�e�k� �M�o�d�e�l� �1�0�0� �d�i�f�-� 

�f�e�r�e�n�t�i�a�l� �v�i�s�c�o�s�i�t�y� �d�e�t�e�c�t�o�r� �w�a�s� �u�s�e�d�.� �S�a�m�p�l�e� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �c�h�l�o�r�o�f�o�r�m� �a�n�d� �f�i�l�t�e�r�e�d� 

�t�h�r�o�u�g�h� �a� �0�.�5� �u�m� �m�i�l�l�i�p�o�r�e� �f�i�l�t�e�r� �b�e�f�o�r�e� �i�n�j�e�c�t�i�o�n�.� �U�l�t�r�a�s�t�y�r�a�g�e�l� �c�o�l�u�m�n�s� �w�i�t�h� �p�o�r�e� �d�i�a�m�e�t�e�r�s� 

�o�f� �5�0�0�,� �1�0�°�,� �1�0�*�,� �1�0�°�,� �a�n�d� �1�0�®� �a�n�g�s�t�r�o�m�s� �w�e�r�e� �u�s�e�d�.� �F�l�o�w� �r�a�t�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� 

�a�t� �1� �m�l� �p�e�r� �m�i�n�u�t�e� �a�n�d� �3�0� �°�C� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�5�.�2�.�4� �M�e�l�t� �V�i�s�c�o�s�i�t�y� 

�M�e�l�t� �v�i�s�c�o�s�i�t�i�e�s� �o�f� �t�h�e� �t�-�b�u�t�y�l�p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �o�n� �a� 

�R�h�e�o�m�e�t�r�i�c�s� �m�o�d�e�l� �R�M�S� �8�0�0� �m�e�l�t� �r�h�e�o�m�e�t�e�r�.� �T�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �p�a�r�a�l�l�e�l� �p�l�a�t�e�s� 

�o�v�e�r� �a� �r�a�n�g�e� �o�f� �f�r�e�q�u�e�n�c�i�e�s� �a�t� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�3�0� �°�C�.� �T�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �a�r�e� �t�h�e� 

�c�o�m�p�l�e�x� �m�e�l�t� �v�i�s�c�o�s�i�t�i�e�s� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �1� �H�z�.� 

�5�.�3� �B�l�e�n�d�i�n�g� �I�n�v�e�s�t�i�g�a�t�i�o�n�s� 

�5�.�3�.�1� �B�l�e�n�d�s� �o�f� �B�M�I� �w�i�t�h� �M�a�l�e�i�m�i�d�e� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� 

�5�.�3�.�1�.�1� �P�r�e�c�i�p�i�t�a�t�i�o�n� �T�e�c�h�n�i�q�u�e� 

�B�l�e�n�d�s� �o�f� �B�M�I� �a�n�d� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �w�e�i�g�h�i�n�g� 

�t�h�e� �m�a�t�e�r�i�a�l�s� �a�n�d� �d�i�s�s�o�l�v�i�n�g� �t�h�e�m� �i�n� �c�h�l�o�r�o�f�o�r�m� �t�o� �a� �1�0� �w�t�/�v�o�l� �p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n�.� �T�h�e� �s�o�l�u�t�i�o�n� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�1



�w�a�s� �p�r�e�c�i�p�a�t�e�d� �i�n� �h�e�x�a�n�e� �u�s�i�n�g� �a� �1�0� �t�o� �1� �r�a�t�i�o� �o�f� �h�e�x�a�n�e� �t�o� �s�o�l�u�t�i�o�n�.� �T�h�e�y� �w�e�r�e� �t�h�e�n� �f�i�l�t�e�r�e�d� 

�a�n�d� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�t� �6�0� �°�C�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�r�o�d�u�c�t� �w�a�s� �a� �l�i�g�h�t�,� �f�l�u�f�f�y� �y�e�l�l�o�w� �p�o�w�d�e�r� �r�e�-� 

�c�o�v�e�r�e�d� �i�n� �y�i�e�l�d�s� �g�r�e�a�t�e�r� �t�h�a�n� �9�5� �p�e�r�c�e�n�t�.� 

�5�.�3�.�1�.�2� �E�v�a�p�o�r�a�t�i�o�n� �T�e�c�h�n�i�q�u�e� 

�B�o�t�h� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �d�i�s�s�o�l�v�e�d� �i�n� �c�h�l�o�r�o�f�o�r�m� �t�o� �a� �1�0� �w�t�/�v�o�l� �p�e�r�c�e�n�t� �s�o�l�u�t�i�o�n�.� 

�T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �c�h�l�o�r�o�f�o�r�m� �w�a�s� �t�h�e�n� �r�e�m�o�v�e�d�,� �b�y� �r�o�t�o�e�v�a�p�o�r�a�t�i�o�n�.� �O�n�c�e� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� 

�f�a�i�r�l�y� �c�o�n�c�e�n�t�r�a�t�e�d� �i�t� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �a� �t�e�f�l�o�n� �d�i�s�h� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�t� �4�0� �°�C� �f�o�r� �1�2� 

�h�o�u�r�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �m�a�t�e�r�i�a�l� �w�a�s� �a� �h�a�r�d� �c�r�u�s�t�y� �b�r�i�t�t�l�e� �m�a�t�e�r�i�a�l�.� 

�5�.�3�.�1�.�3� �N�M�R� �A�n�a�l�y�s�i�s� 

�T�h�e� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n� �o�f� �e�a�c�h� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �b�l�e�n�d�s� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �p�r�o�t�o�n� �N�M�R�.� 

�F�i�g�u�r�e� �4�3� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �s�p�e�c�t�r�u�m� �o�f� �a� �b�l�e�n�d� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�e� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p� �o�f� �t�h�e� �B�M�I�,� 

�a�n�d� �t�h�e� �i�s�o�p�r�o�p�y�l�i�d�i�n�e� �g�r�o�u�p� �o�f� �t�h�e� �B�i�s�-�A� �b�a�s�e�d� �b�a�c�k�b�o�n�e� �o�f� �t�h�e� �P�E�K�E�.� �T�h�e� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n� 

�o�f� �t�h�e� �B�M�I� �t�o� �P�E�K�E� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �t�w�o� �p�e�a�k�s� �a�s� �s�h�o�w�n� �i�n� 

�s�c�h�e�m�e� �2�.� �A�l�l� �s�u�s�t�e�m�s� �w�e�r�e� �f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n�s� �o�f� �t�h�e� �P�E�K�E� �a�n�d� �B�M�I� �c�o�m�p�o�-� 

�n�e�n�t�s� �t�o� �w�i�t�h�i�n� �t�w�o� �p�e�r�c�e�n�t� �o�f� �t�h�e�i�r� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s�.� 

�5�.�3�.�2� �B�l�e�n�d�s� �o�f� �F�u�n�c�t�i�o�n�a�l�l�y� �T�e�r�m�i�n�a�t�e�d� �P�E�K�E� �O�l�i�g�o�m�e�r�s� 

�5�.�3�.�2�.�1� �B�l�e�n�d�i�n�g� �F�o�r�m�u�l�a�t�i�o�n� 

�P�h�y�s�i�c�a�l� �b�l�e�n�d�s� �m�a�d�e� �f�r�o�m� �v�a�r�i�o�u�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �P�E�K�E� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� 

�p�r�e�p�a�r�e�d� �i�n� �o�r�d�e�r� �t�o� �s�t�u�d�y� �t�h�e� �e�f�f�e�c�t� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �o�n� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�.� 

�I�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �o�b�t�a�i�n� �c�o�n�s�t�a�n�t� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�i�t�h�i�n� �t�h�e�s�e� �b�l�e�n�d�s� 

�w�h�i�l�e� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�r�i�b�u�t�i�o�n� �s�i�n�c�e� �m�a�n�y� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �<�M�n�>�.� 

�T�h�i�s� �w�a�s� �a�c�h�i�e�v�e�d� �b�y� �f�i�r�s�t� �a�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �M�n� �o�b�t�a�i�n�e�d� �f�o�r� �e�a�c�h� �o�l�i�g�o�m�e�r� �b�y� �e�i�t�h�e�r� 

�t�i�t�r�a�t�i�o�n� �o�r� �N�M�R� �w�a�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�o�r� �t�h�a�t� �o�l�i�g�o�m�e�r�.� �T�h�e� �e�x�a�c�t� �q�u�a�n�t�i�t�y� �o�f� �e�a�c�h� �o�l�i�g�o�m�e�r� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�2
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�F�i�g�u�r�e� �4�3�.� �P�r�o�t�o�n� �N�M�R� �o�f� �a� �B�M�I�/�m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �b�l�e�n�d�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�3



�n�e�e�d�e�d� �f�o�r� �t�h�e� �b�l�e�n�d� �o�f� �a� �g�i�v�e�n� �<�M�n�>� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �s�h�o�w�n� �i�n� �s�c�h�e�m�e� �(�3�)�.� �T�h�e� 

�o�l�i�g�o�m�e�r�s� �w�e�r�e� �t�h�e�n� �s�e�q�u�e�n�t�i�a�l�l�y� �w�e�i�g�h�e�d� �o�u�t� �t�o�g�e�t�h�e�r�,� �d�i�s�s�o�l�v�e�d� �t�o� �a� �1�0� �w�t�/�v�o�l� �p�e�r�c�e�n�t� �i�n� 

�c�h�l�o�r�o�f�o�r�m�,� �c�o�a�g�u�l�a�t�e�d� �i�n� �m�e�t�h�a�n�o�l� �a�n�d� �d�r�i�e�d�.� 

�§�.�3�.�2�.�2� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� �D�e�t�e�r�m�i�n�a�t�i�o�n� 

�T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �b�l�e�n�d�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�-�b�u�t�y�l� �p�h�e�n�y�l� �t�e�r�m�i�-� 

�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �p�r�o�t�o�n� �N�M�R� �i�n� �a�n� �i�d�e�n�t�i�c�a�l� �f�a�s�h�i�o�n� �a�s� �t�h�e� �p�u�r�e� 

�o�l�i�g�o�m�e�r�s�.� �<�M�n�>� �f�o�r� �t�h�e� �b�l�e�n�d�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �t�e�r�-� 

�m�i�n�a�t�e�d� �f�r�o�m� �v�a�p�o�r� �p�h�a�s�e� �o�s�m�o�m�e�t�r�y�.� 

�5�.�4� �M�o�l�d�i�n�g� �a�n�d� �C�u�r�i�n�g� �o�f� �P�o�l�y� �(�A�r�y�l�e�n�e� �E�t�h�e�r�)� �K�e�t�o�n�e�s� 

�5�.�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �f�a�b�r�i�c�a�t�i�o�n� �o�f� �h�i�g�h� �q�u�a�l�i�t�y� �s�p�e�c�i�m�e�n�s� �f�r�o�m� �P�E�K�E� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �a�n�d� �p�o�l�y�m�e�r�s� 

�w�a�s� �r�e�q�u�i�r�e�d� �i�n� �o�r�d�e�r� �t�o� �p�e�r�f�o�r�m� �m�e�c�h�a�n�i�c�a�l� �a�n�d� �p�h�y�s�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �t�h�e�s�e� �s�y�s�t�e�m�s�.� 

�T�h�e� �f�a�b�r�i�c�a�t�i�o�n� �i�n�v�o�l�v�e�d� �t�h�e� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�i�n�g� �o�f� �t�h�e� �p�r�e�c�i�p�i�t�a�t�e�d� �a�n�d� �d�r�i�e�d� �p�o�l�y�m�e�r� �p�o�w�-� 

�d�e�r� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n�s�i�d�e� �a� �m�e�t�a�l� �m�o�l�d�.� �W�i�t�h�o�u�t� �e�x�c�e�p�t�i�o�n�,� �t�h�i�s� �p�r�o�c�e�s�s� �w�a�s� �c�o�m�-� 

�p�l�i�c�a�t�e�d� �b�y� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �b�u�b�b�l�e�s� �c�a�u�s�e�d� �b�y� �t�h�e� �v�a�p�o�r�i�z�a�t�i�o�n� �o�f� �e�i�t�h�e�r� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t�s� 

�t�r�a�p�p�e�d� �i�n�s�i�d�e� �t�h�e� �p�o�l�y�m�e�r� �o�r� �o�t�h�e�r� �v�o�l�a�t�i�l�e�s� �f�o�r�m�e�d� �a�s� �a� �b�y� �p�r�o�d�u�c�t� �t�o� �t�h�e� �v�a�r�i�o�u�s� �c�r�o�s�s�-� 

�l�i�n�k�i�n�g� �r�e�a�c�t�i�o�n�s�.� �D�u�r�i�n�g� �t�h�e� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �b�r�a�n�c�h�i�n�g�,� �t�h�e� �b�u�b�b�l�e�s� �c�a�n� �b�e� �r�e�m�o�v�e�d� �b�y� �a� 

�c�o�m�b�i�n�a�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �t�e�c�h�n�i�q�u�e�s�,� �b�u�t� �a�f�t�e�r� �t�h�e� �m�a�t�e�r�i�a�l� �g�e�l�s�,� �t�h�e� �b�u�b�b�l�e�s� �c�a�n�n�o�t� �e�a�s�i�l�y� �d�i�f�-� 

�f�u�s�e� �f�r�o�m� �t�h�e� �s�p�e�c�i�m�e�n�,� �r�e�n�d�e�r�i�n�g� �i�t� �u�s�e�l�e�s�s� �f�o�r� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�i�n�g�.� �A�f�t�e�r� �m�a�n�y� �p�r�e�l�i�m�i�n�a�r�y� 

�e�f�f�o�r�t�s�,� �a� �p�r�o�c�e�d�u�r�e� �w�a�s� �d�e�v�e�l�o�p�e�d� �w�h�i�c�h� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �b�u�b�b�l�e� �p�r�o�b�l�e�m� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� 

�t�i�m�e�,� �t�h�u�s�,� �p�e�r�m�i�t�t�i�n�g� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �u�s�e�f�u�l� �t�e�s�t� �s�p�e�c�i�m�e�n�s�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�4



�5�.�4�.�2� �G�e�n�e�r�a�l�i�z�e�d� �P�r�o�c�e�d�u�r�e� �f�o�r� �T�e�s�t� �S�p�e�c�i�m�e�n� �F�a�b�r�i�c�a�t�i�o�n� 

�2�5� �g�r�a�m�s� �o�f� �t�h�e� �d�r�i�e�d� �p�o�w�d�e�r� �o�f� �t�h�e� �P�E�K�E� �o�l�i�g�o�m�e�r� �w�a�s� �f�i�r�s�t� �w�e�i�g�h�e�d� �o�n�t�o� �a� �t�e�f�l�o�n� �s�h�e�e�t�,� 

�f�o�r� �a� �p�l�a�t�e� �s�i�z�e� �o�f� �3� �x� �3� �x� �1�/�8� �o�r� �3� �x� �6� �x� �1�/�1�6� �i�n�c�h�e�s�.� �T�h�e� �m�a�t�e�r�i�a�l� �w�a�s� �p�l�a�c�e�d� �i�n�s�i�d�e� �a� �p�r�e�-� 

�h�e�a�t�e�d� �v�a�c�u�u�m� �o�v�e�n� �s�e�t� �a�t� �1�6�0� �-� �1�7�0� �°�C� �f�o�r� �5� �m�i�n� �t�o� �2� �h�o�u�r�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �t�e�r�m�i�n�a�l� �f�u�n�c�-� 

�t�i�o�n�a�l� �g�r�o�u�p� �o�f� �t�h�e� �P�E�K�E�.� �M�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �o�n�l�y� �p�r�e�t�r�e�a�t�e�d� �f�o�r� �1�0� 

�m�i�n�u�t�e�s� �w�h�i�l�e� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �p�r�e�t�r�e�a�t�e�d� �f�o�r� �u�p� �t�o� �2� �h�o�u�r�s�.� �W�i�t�h�i�n� �3� �-� �4� 

�m�i�n�u�t�e�s� �t�h�e� �p�o�w�d�e�r� �w�o�u�l�d� �f�l�o�w� �a�s� �t�h�e� �T�g� �o�f� �t�h�e� �o�l�i�g�o�m�e�r� �w�a�s� �e�x�c�e�e�d�e�d�.� �T�h�e� �f�o�a�m�i�n�g� �o�f� 

�r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t� �t�r�a�p�p�e�d� �i�n�s�i�d�e� �t�h�e� �p�o�w�d�e�r� �w�a�s� �o�b�s�e�r�v�e�d�.� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �m�a�t�e�r�i�a�l� �w�a�s� �b�r�o�k�e�n� �u�p� �i�n�t�o� �n�u�m�e�r�o�u�s� �p�i�e�c�e�s� �a�n�d� �t�h�e�n� �a�d�d�e�d� �s�e�v�e�r�a�l� 

�p�i�e�c�e�s� �a�t� �a� �t�i�m�e� �t�o� �a� �m�e�t�a�l� �m�o�l�d�.� �T�h�e� �m�o�l�d� �c�o�n�s�i�s�t�e�d� �o�f� �a� �1 �� �w�i�d�e�,� �8� �x� �8� �x� �1�/�8 �� �m�e�t�a�l� �f�r�a�m�e�,� 

�w�i�t�h� �t�w�o� �i�n�s�e�r�t�s� �o�n�e� �3� �x� �6� �x� �1�/�8 �� �a�n�d� �t�h�e� �o�t�h�e�r� �3� �x� �3� �x� �1�/�8 ��.� �W�i�t�h� �b�o�t�h� �i�n�s�e�r�t�s� �i�n� �p�l�a�c�e�,� �a� �3� �x� 

�3� �x� �1�/�8 �� �c�a�v�i�t�y� �w�a�s� �f�o�r�m�e�d�.� �F�o�r� �1�/�1�6 �� �t�h�i�c�k� �p�l�a�t�e�s�,� �a� �1 �� �w�i�d�e� �4� �x� �7� �x� �1�/�1�6 �� �a�l�u�m�i�n�u�m� �f�r�a�m�e� �w�a�s� 

�u�s�e�d�.� �T�h�e� �m�o�l�d� �w�a�s� �u�s�u�a�l�l�y� �s�a�n�d�w�i�c�h�e�d� �b�e�t�w�e�e�n� �t�w�o� �p�i�e�c�e�s� �o�f� �t�e�f�l�o�n� �c�o�a�t�e�d� �f�i�b�e�r�g�l�a�s�s�,� �t�w�o� 

�p�i�e�c�e�s� �o�f� �t�e�f�l�o�n� �s�h�e�e�t� �a�n�d� �t�w�o� �8� �x� �8� �x� �1�/�8 �� �m�e�t�a�l� �p�r�e�s�s� �p�l�a�t�e�s�.� �T�h�e� �f�i�b�e�r�g�l�a�s�s� �u�s�e�d� �w�a�s� �a� 

�l�o�o�s�e�l�y� �w�o�v�e�n� �c�l�o�t�h� �w�h�i�c�h� �p�e�r�m�i�t�t�e�d� �t�r�a�p�p�e�d� �g�a�s�e�s� �i�n�s�i�d�e� �t�h�e� �s�a�m�p�l�e� �t�o� �e�s�c�a�p�e�.� �I�t� �s�h�o�u�l�d� 

�b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �p�r�e�t�r�e�a�t�e�d� �o�l�i�g�o�m�e�r� �m�u�s�t� �b�e� �m�o�l�d�e�d� �q�u�i�c�k�l�y� �(�a�t� �l�e�a�s�t� �w�i�t�h�i�n� �2�4� �h�o�u�r�s�)� �a�f�t�e�r� 

�p�r�e�t�r�e�a�t�m�e�n�t� �t�o� �a�v�o�i�d� �w�a�t�e�r� �a�b�s�o�r�p�t�i�o�n�.� 

�A�f�t�e�r� �s�e�v�e�r�a�l� �o�f� �t�h�e� �p�r�e�t�r�e�a�t�e�d� �o�l�i�g�o�m�e�r� �p�i�e�c�e�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �m�o�l�d�,� �i�t� �w�a�s� �i�n�s�e�r�t�e�d� 

�i�n�t�o� �a� �h�y�d�r�a�u�l�i�c� �p�r�e�s�s� �h�e�a�t�e�d� �t�o� �b�e�t�w�e�e�n� �4�2�0� �t�o� �4�8�0� �°�F�.� �T�h�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �f�l�o�w� 

�a�n�d� �c�o�m�p�a�c�t� �f�o�r� �5�-�1�0� �m�i�n�u�t�e�s� �t�o� �m�a�k�e� �r�o�o�m� �i�n� �t�h�e� �c�a�v�i�t�y� �f�o�r� �s�e�v�e�r�a�l� �m�o�r�e� �p�r�e�t�r�e�a�t�e�d� �p�i�e�c�e�s�.� 

�A�s� �t�h�e� �c�a�v�i�t�y� �b�e�c�a�m�e� �n�e�a�r�l�y� �f�u�l�l� �i�t� �w�a�s� �o�f�t�e�n� �f�o�u�n�d� �n�e�c�e�s�s�a�r�y� �t�o� �a�p�p�l�y� �1�0�0�0� �-� �2�0�0�0� �p�o�u�n�d�s� �o�f� 

�l�o�a�d� �t�o� �t�h�e� �m�o�l�d� �t�o� �h�e�l�p� �c�o�m�p�a�c�t� �t�h�e� �m�a�t�e�r�i�a�l�.� �C�a�r�e� �w�a�s� �a�l�w�a�y�s� �t�a�k�e�n� �w�h�e�n� �s�e�p�a�r�a�t�i�n�g� �t�h�e� 

�f�i�b�e�r�g�l�a�s�s� �c�l�o�t�h� �f�r�o�m� �t�h�e� �p�l�a�t�e� �w�h�i�l�e� �a�d�d�i�n�g� �m�o�r�e� �p�i�e�c�e�s� �t�o� �t�h�e� �c�a�v�i�t�y�.� �U�n�g�e�l�l�e�d� �m�a�t�e�r�i�a�l� 

�a�b�o�v�e� �T�g� �w�o�u�l�d� �o�f�t�e�n� �u�n�d�e�s�i�r�a�b�l�y� �a�d�h�e�r�e� �t�o� �t�h�e� �c�l�o�t�h� �s�i�n�c�e� �t�h�e� �P�E�K�E� �i�s� �a� �g�o�o�d� �a�d�h�e�s�i�v�e�.� 

�A�l�l�o�w�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �t�o� �f�i�r�s�t� �c�o�o�l� �s�o�m�e�w�h�a�t� �e�l�i�m�i�n�a�t�e�d� �t�h�i�s� �p�r�o�b�l�e�m�.� 

�W�h�e�n� �t�h�e� �c�a�v�i�t�y� �w�a�s� �t�o�t�a�l�l�y� �f�u�l�l� �(�a�n�d� �n�o� �s�i�g�n�s� �o�f� �b�u�b�b�l�i�n�g� �w�e�r�e� �d�e�t�e�c�t�e�d�)� �t�h�e� �t�e�f�l�o�n� 

�c�o�a�t�e�d� �f�i�b�e�r�g�l�a�s�s� �a�n�d� �t�e�f�l�o�n� �s�h�e�e�t�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �r�e�p�l�a�c�e�d� �b�y� �f�r�e�s�h� �p�i�e�c�e�s� �o�f� �t�e�f�l�o�n� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�5



�s�h�e�e�t�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �g�i�v�e� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� �a� �s�m�o�o�t�h� �s�u�r�f�a�c�e�.� �T�h�e� �p�l�a�t�e� �w�a�s� �t�h�e�n� �c�u�r�e�d� 

�a�t� �b�e�t�w�e�e�n� �5�0�0� �-� �5�8�0� �°�F� �u�n�d�e�r� �a� �l�o�a�d� �o�f� �5�0�0�0� �t�o� �3�5�0�0�0� �p�o�u�n�d�s� �f�o�r� �5� �m�i�n� �t�o� �1�2� �h�o�u�r�s�.� �C�u�r�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�o�s�t�l�y� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �f�u�n�c�t�i�o�n�a�l� 

�e�n�d�g�r�o�u�p�s� �o�f� �t�h�e� �o�l�i�g�o�m�e�r�s� �t�o� �c�r�o�s�s�l�i�n�k�.� �T�h�e� �f�i�n�a�l� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �s�o�m�e�t�i�m�e�s� �r�a�i�s�e�d� 

�a�b�o�v�e� �t�h�e� �n�e�e�d�e�d� �t�e�m�p�e�r�a�t�u�r�e� �i�f� �t�h�e� �o�l�i�g�o�m�e�r� �s�h�o�w�e�d� �p�o�o�r� �f�l�o�w� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e� �h�i�g�h�e�r� 

�l�o�a�d�s� �o�f� �1�0�,�0�0�0� �-� �3�5�,�0�0�0� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �i�m�p�r�o�v�e� �f�l�o�w�.� �U�p�o�n� �c�o�m�p�l�e�t�i�o�n� �o�f� �c�u�r�i�n�g�,� �t�h�e� 

�s�p�e�c�i�m�e�n� �w�a�s� �e�i�t�h�e�r� �q�u�i�c�k� �c�o�o�l�e�d� �i�n�s�i�d�e� �t�h�e� �p�r�e�s�s� �u�n�d�e�r� �1�0�0�0� �-� �2�0�0�0� �p�o�u�n�d�s� �o�f� �l�o�a�d� �o�r� 

�q�u�e�n�c�h�e�d� �i�n� �w�a�t�e�r�.� �T�h�e� �c�o�l�o�r� �o�f� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� �v�a�r�i�e�d� �f�r�o�m� �a� �t�r�a�n�s�p�a�r�e�n�t�/�t�r�a�n�s�l�u�c�e�n�t� �d�a�r�k� 

�r�e�d� �t�o� �a�n� �o�p�a�q�u�e� �b�l�a�c�k�.� 

�5�.�5� �S�o�l�u�b�i�l�i�t�y� 

�T�h�e� �g�e�l� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �c�u�r�e�d� �o�l�i�g�o�m�e�r�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�r�o�u�g�h� �e�x�t�r�a�c�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� 

�C�e�l�l�u�l�o�s�e� �t�h�i�m�b�l�e�s� �w�e�r�e� �s�o�a�k�e�d� �f�o�r� �1�2� �h�o�u�r�s� �i�n� �c�h�l�o�r�o�f�o�r�m�,� �a�n�d� �t�h�e�n� �d�r�i�e�d� �f�o�r� �2�4� �h�o�u�r�s� �a�t� �8�0� 

�°�C� �u�n�d�e�r� �v�a�c�u�u�m�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �r�e�m�o�v�e� �a�l�l� �s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �f�r�o�m� �t�h�e� 

�t�h�i�m�b�l�e�s�.� �T�h�e� �t�h�i�m�b�l�e�s� �w�e�r�e� �t�h�e�n� �c�o�o�l�e�d� �a�n�d� �w�e�i�g�h�e�d�.� �A� �s�a�m�p�l�e� �o�f� �t�h�e� �c�u�r�e�d� �o�l�i�g�o�m�e�r�,� �a�p�-� 

�p�r�o�x�i�m�a�t�e�l�y� �0�.�5� �g�r�a�m�s�,� �w�a�s� �t�h�e�n� �w�e�i�g�h�e�d� �a�n�d� �p�l�a�c�e�d� �i�n�s�i�d�e� �a� �t�h�i�m�b�l�e�,� �w�h�i�c�h� �w�a�s� �t�h�e�n� �s�e�-� 

�q�u�e�n�t�i�a�l�l�y� �p�l�a�c�e�d� �i�n�s�i�d�e� �a�n� �s�o�x�h�l�e�t� �e�x�t�r�a�c�t�o�r�.� �T�h�e� �s�o�l�u�b�l�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �w�a�s� �e�x�t�r�a�c�t�e�d� 

�b�y� �r�e�f�l�u�x�i�n�g� �c�h�l�o�r�o�f�o�r�m� �f�o�r� �4� �d�a�y�s�.� �T�h�e� �t�h�i�m�b�l�e� �a�n�d� �s�a�m�p�l�e� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �a�t� �8�0� �°�C� �u�n�d�e�r� 

�v�a�c�u�u�m� �u�n�t�i�l� �a� �c�o�n�s�t�a�n�t� �w�e�i�g�h�t� �w�a�s� �o�b�t�a�i�n�e�d�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �t�o� �2� �d�a�y�s�.� �T�h�e� �p�e�r�c�e�n�t� �g�e�l� 

�f�r�a�c�t�i�o�n� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n� �5�.�3�.� 

�W�t� �o�f� �e�x�t�r�a�c�t�.� �t�h�i�m�b�l�e� �&� �s�a�m�p�l�e�  �� �W�t� �o�f� �p�r�e�t�r�e�a�t�e�d� �t�h�i�m�b�l�e� 

�W�t� �o�f� �o�r�i�g�i�n�a�l� �s�a�m�p�l�e� 
� � �P�e�r�c�e�n�t� �G�e�l� �=� �x�1�0�0� �[�5�.�3�]� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�6



�5�.�6� �S�w�e�l�l�i�n�g� 

�5�.�6�.�1� �P�r�o�c�e�d�u�r�e� 

�S�w�e�l�l�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �r�e�s�i�d�u�a�l� �g�e�l�e�d� �p�o�r�t�i�o�n�s� �o�f� �s�a�m�p�l�e�s� �w�h�i�c�h� 

�h�a�d� �u�n�d�e�r�g�o�n�e� �s�o�l�u�b�i�l�i�t�y� �t�e�s�t�s� �b�y� �t�h�e� �a�b�o�v�e� �p�r�o�c�e�d�u�r�e�.� �A� �s�a�m�p�l�e� �w�a�s� �w�e�i�g�h�e�d� �o�u�t� �a�f�t�e�r� �i�t� 

�h�a�d� �b�e�e�n� �d�r�i�e�d� �a�n�d� �c�o�o�l�e�d� �a�n�d� �p�l�a�c�e�d� �i�n� �a� �s�a�m�p�l�e� �b�o�t�t�l�e� �f�i�l�l�e�d� �w�i�t�h� �c�h�l�o�r�o�f�o�r�m�.� �T�h�e� �s�a�m�p�l�e� 

�w�e�i�g�h�t� �w�a�s� �c�h�e�c�k�e�d� �p�e�r�i�o�d�i�c�a�l�l�y�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �s�w�e�l�l�i�n�g� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �5�.�4�.� 

�s�w�o�l�l�e�n� �W�t�  �� �i�n�i�t�i�a�l� �W�t� 
�i�n�i�t�i�a�l� �w�t� �x�1�0�0� �[�5�.�4�]� �S�w�e�l�l�i�n�g� �%� �=� 

�T�h�e� �w�e�i�g�h�i�n�g� �o�f� �s�a�m�p�l�e�s� �w�a�s� �o�f�t�e�n� �d�i�f�f�i�c�u�l�t� �s�i�n�c�e� �a� �n�u�m�b�e�r� �o�f� �n�e�t�w�o�r�k�s� �b�r�o�k�e� �a�p�a�r�t� �t�o� �n�u�-� 

�m�e�r�o�u�s� �p�i�e�c�e�s� �d�u�e� �t�o� �t�h�e� �s�t�r�e�s�s�e�s� �e�x�e�r�t�e�d� �o�n� �t�h�e� �s�a�m�p�l�e� �b�y� �t�h�e� �s�w�e�l�l�i�n�g�.� 

�5�.�6�.�2� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �N�u�m�b�e�r� �A�v�e�r�a�g�e� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� �b�e�t�w�e�e�n� 

�C�r�o�s�s�l�i�n�k�s� 

�T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �b�e�t�w�e�e�n� �c�r�o�s�s�l�i�n�k�s�,� �M�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� 

�s�w�e�l�l�i�n�g� �d�a�t�a� �f�o�r� �n�e�t�w�o�r�k�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s�,� �e�q�u�a�t�i�o�n� �5�.�5�.� 

�_�-� �s�p�p�(�c�  �� �c�/�2�)� 

�o�~� �I�n�(�{�1 ��c�)�+�e�+� �y�o�"� �a�e� 

�w�h�e�r�e�:� 

�P�y� �=� �p�o�l�y�m�e�r� �d�e�n�s�i�t�y� �(�1�.�2�6� �g�m�/�c�m ��)� 

�p�,� �=� �s�o�l�v�e�n�t� �d�e�n�s�i�t�y� �(�1�.�4�9�2� �g�m�/�c�m ��)� 

�W�,� �=� �i�n�i�t�i�a�l� �p�o�l�y�m�e�r� �w�e�i�g�h�t� 

�W�,�.� �=� �w�e�i�g�h�t� �o�f� �t�h�e� �s�w�o�l�l�e�n� �p�o�l�y�m�e�r� �a�f�t�e�r� �1�0� �d�a�y�s� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�7



�V�,� �=� �m�o�l�a�r� �v�o�l�u�m�e� �o�f� �t�h�e� �s�o�l�v�e�n�t� �(�8�0�.�0�1� �c�m�*�/�m�o�l�e�)� 

�y� �=� �F�l�o�r�y�-�H�u�g�g�i�n�s� �c�o�n�s�t�a�n�t� �(�0�.�3�8�8�)� 

�V�.�.� �=� �f�i�n�a�l� �s�w�o�i�l�e�n� �v�o�l�u�m�e� �=� �W�o�/�P�p� �+� �(�W�1�.�-�W�,�)�/�P�5� 

�C�c� �=� �r�e�l�a�t�i�v�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �=� �W�o�!� �P� �V�e�o� 

�T�h�e� �F�l�o�r�y�-�H�u�g�g�i�n�s� �c�o�n�s�t�a�n�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�e�c�o�n�d� �v�i�r�i�a�l� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �a� �1�0�.�7�K� �P�E�K�E� 

�o�l�i�g�o�m�e�r� �d�i�s�s�o�l�v�e�d� �i�n� �c�h�l�o�r�o�f�o�r�m�,� 

� � �A�2� �=� �f�s� �(�+� �-� �x�)� �[�5�.�6�]� 
�2� 

�P�p� �M�s� 

�w�h�e�r�e�:� 

�m�,� �=� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �s�o�l�v�e�n�t� 

�x� �=� �F�l�o�r�y�-�H�u�g�g�i�n�s� �c�o�n�s�t�a�n�t� 

�T�h�e� �s�e�c�o�n�d� �v�i�r�i�a�l� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� 

�o�n� �a� �C�h�r�o�m�a�t�i�x� �K�M�X�-�6� �l�o�w� �a�n�g�l�e� �l�a�s�e�r� �l�i�g�h�t� �p�h�o�t�o�m�e�t�e�r�.� �T�h�e� �l�i�g�h�t� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �a� �2� 

�m�w�a�l�t� �h�e�l�i�u�m�,� �n�e�o�n� �l�a�s�e�r� �o�p�e�r�a�t�i�n�g� �a�t� �a� �w�a�v�e�l�e�n�g�t�h� �o�f� �6�3�3� �n�m�.� �T�h�e� �c�h�a�n�g�e� �i�n� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �f�i�r�s�t� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �C�h�r�o�m�a�t�i�x� �K�M�X�-�1�6� �l�a�s�e�r� �d�i�f�f�e�r�e�n�t�i�a�l� 

�r�e�f�r�a�c�t�o�m�e�t�e�r�.� �T�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �S�a�m�p�l�e�s� �w�e�r�e� 

�f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� �0�.�2� �u�m� �a�c�r�o�d�i�s�c� �C�R� �f�i�l�t�e�r�.� 

�5�.�7� �A�n�n�e�a�l�i�n�g� 

�S�a�m�p�l�e�s� �u�s�e�d� �f�o�r� �a�n�n�e�a�l�i�n�g� �s�t�u�d�i�e�s� �w�e�r�e� �f�i�r�s�t� �q�u�e�n�c�h�e�d� �i�n� �i�c�e� �w�a�t�e�r� �f�r�o�m� �1�0�0� �°�C� �a�b�o�v�e� 

�t�h�e�i�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �d�i�r�e�c�t�l�y� �f�o�l�l�o�w�i�n�g� �t�h�e�i�r� �m�o�l�d�i�n�g� �a�n�d� �o�r� �c�u�r�i�n�g�.� �T�h�e�s�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �f�o�r� �8� �t�o� �1�0� �h�o�u�r�s� �a�t� �8�0� �°�C�,� �a�n�d� �d�i�v�i�d�e�d� �i�n�t�o� �s�e�c�t�i�o�n�s�.� 

�A�n�n�e�a�l�i�n�g� �w�a�s� �c�o�n�d�u�c�t�e�d� �i�n�s�i�d�e� �a� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�t� �1�4�5� �°�C�.� �A�l�l� �t�h�e� �s�e�c�t�i�o�n�s� �o�f� �a� �s�a�m�p�l�e� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�8



�.� �w�e�r�e� �p�l�a�c�e�d� �i�n�s�i�d�e� �t�h�e� �o�v�e�n� �t�o� �b�e�g�i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �t�h�e�n� �r�e�m�o�v�e�d� �a�t� �v�a�r�i�o�u�s� �t�i�m�e� �i�n�-� 

�t�e�r�v�a�l�s�.� �U�p�o�n� �r�e�m�o�v�a�l�,� �t�h�e� �s�e�c�t�i�o�n�s� �w�e�r�e� �q�u�i�c�k� �c�o�o�l�e�d� �i�n� �a�i�r�.� �D�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� 

�c�a�l�o�r�i�m�e�t�r�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �e�a�c�h� �s�p�e�c�i�m�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �a�n�n�e�a�l�i�n�g�,� 

�t�h�r�o�u�g�h� �t�h�e� �a�r�e�a� �o�f� �t�h�e�i�r� �a�s�s�o�c�i�a�t�e�d� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �p�e�a�k�.� 

�5�.�8� �M�e�c�h�a�n�i�c�a�l� �T�e�s�t�i�n�g� 

�5�.�8�.�1� �F�r�a�c�t�u�r�e� �T�o�u�g�h�n�e�s�s� �T�e�s�t�i�n�g� 

�5�.�8�.�1�.�1� �S�a�m�p�l�e� �P�r�e�p�a�r�a�t�i�o�n� 

�T�h�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�e�s� �o�f� �t�h�e� �c�u�r�e�d� �n�e�t�w�o�r�k�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �a� �3� �p�o�i�n�t� �b�e�n�d� 

�t�e�s�t�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �s�a�m�p�l�e�s� �t�e�s�t�e�d� �w�e�r�e� �c�u�t� �f�r�o�m� �m�o�l�d�e�d� �p�l�a�t�e�s� �o�f� �p�l�a�s�t�i�c� �u�s�i�n�g� �a� �s�c�r�o�o�l� 

�s�a�w�.� �P�l�a�t�e�s� �m�a�d�e� �f�r�o�m� �h�i�g�h�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �o�r� �p�a�r�t�i�a�l�l�y� �g�e�l�l�e�d� �t�h�e�r�m�o�s�e�t�s� 

�w�e�r�e� �p�a�r�t�i�c�u�l�a�r�l�y� �d�i�f�f�i�c�u�l�t� �t�o� �c�u�t� �t�o� �s�h�a�p�e�.� �H�e�a�t� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �s�a�w�i�n�g� �o�f� �t�h�e� �p�l�a�t�e�s�,� �o�f�t�e�n� 

�c�a�u�s�e�d� �t�h�e� �m�a�t�e�r�i�a�l� �t�o� �m�e�l�t� �b�a�c�k� �t�o�g�e�t�h�e�r� �a�g�a�i�n� �a�f�t�e�r� �t�h�e� �b�l�a�d�e� �h�a�d� �p�a�s�s�e�d�.� �T�h�i�s� �p�r�o�b�l�e�m� 

�w�a�s� �m�i�n�i�m�i�z�e�d� �h�o�w�e�v�e�r� �b�y� �u�s�i�n�g� �a� �f�r�e�s�h� �s�a�w� �b�l�a�d�e� �a�n�d� �c�u�t�t�i�n�g� �t�h�e� �p�l�a�t�e� �s�l�o�w�l�y�.� �S�a�m�p�l�e�s� �o�f� 

�l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �t�-�b�u�t�y�l�p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �m�o�l�d�e�d� �t�o� �s�p�e�c�i�m�e�n� �s�i�z�e� 

�i�n� �r�u�b�b�e�r� �m�o�l�d�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�i�d� �n�o�t� �n�e�e�d� �t�o� �b�e� �c�u�t� �t�o� �s�i�z�e�.� �F�o�r� �t�h�e� �t�h�e�r�m�o�s�e�t�s� �s�t�u�d�i�e�d�,� �a� 

�n�o�t�c�h� �w�a�s� �c�u�t� �i�n�t�o� �e�a�c�h� �s�p�e�c�i�m�e�n� �u�s�i�n�g� �a� �s�c�r�o�o�l� �s�a�w�.� �A� �r�a�z�o�r� �b�l�a�d�e�,� �c�o�o�l�e�d� �i�n� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n�,� 

�w�a�s� �t�h�e�n� �t�a�p�p�e�d� �i�n�t�o� �t�h�e� �n�o�t�c�h� �u�n�t�i�l� �a� �c�r�a�c�k� �w�a�s� �g�e�n�e�r�a�t�e�d�.� �T�h�i�s� �m�e�t�h�o�d� �o�f� �p�r�e�c�r�a�c�k�i�n�g� 

�h�o�w�e�v�e�r�,� �c�o�u�l�d� �n�o�t� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �t�-�b�u�t�y�l�p�h�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �d�u�e� �t�o� �t�h�e�i�r� 

�b�r�i�t�t�l�e� �n�a�t�u�r�e�.� �P�r�e�c�r�a�c�k�s� �w�e�r�e� �t�h�e�r�e�f�o�r�e� �c�u�t� �i�n�t�o� �t�h�e� �s�p�e�c�i�m�e�n�s� �u�s�i�n�g� �a�n� �E�x�a�c�t�o� �n�u�m�b�e�r� �1�3� 

�s�a�w� �b�l�a�d�e�.� 

�5�.�8�.�1�.�2� �S�a�m�p�l�e� �T�e�s�t�i�n�g� 

�S�p�e�c�i�m�e�n�s� �w�e�r�e� �t�e�s�t�e�d� �i�n� �a�n� �I�n�s�t�r�o�n� �m�o�d�e�l� �1�1�2�3� �s�c�r�e�w� �d�r�i�v�e�n� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�2�9
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� � � � � � 

�F�i�g�u�r�e� �4�4�.� �3�-�p�o�i�n�t� �b�e�n�d� �t�e�s�t�i�n�g� �a�s�s�e�m�b�l�y�[�1�3�3�]�.� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�3�0



�u�s�i�n�g� �a� �t�h�r�e�e� �p�o�i�n�t� �t�e�s�t�i�n�g� �a�s�s�e�m�b�l�y�,� �(�F�i�g�u�r�e� �4�4�)�.� �T�h�e� �t�e�s�t�s� �w�e�r�e� �r�u�n� �u�n�d�e�r� �a� �t�e�n�s�i�l�e� �m�o�d�e� 

�a�t� �a� �c�r�o�s�s�h�e�a�d� �s�e�p�a�r�a�t�i�o�n� �r�a�t�e� �o�f� �2� �i�n�/�m�i�n�.� �(�5� �c�m�/�m�i�n�.�)�.� 

�A�f�t�e�r� �t�h�e� �s�a�m�p�l�e� �w�a�s� �f�r�a�c�t�u�r�e�d�,� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h�,� �w�i�d�t�h� �a�n�d� �s�p�e�c�i�m�e�n� �t�h�i�c�k�n�e�s�s� �w�e�r�e� 

�a�l�l� �m�e�a�s�u�r�e�d�.� �T�h�e� �d�a�t�a� �f�r�o�m� �s�p�e�c�i�m�e�n� �w�h�o�s�e� �c�r�a�c�k� �l�e�n�g�t�h� �w�a�s� �n�o�t� �w�i�t�h�i�n� �0�.�3� �t�o� �0�.�7� �t�i�m�e�s� 

�s�a�m�p�l�e� �w�i�d�t�h� �w�a�s� �n�o�t� �u�s�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �A�S�T�M� �r�e�s�t�r�i�c�t�i�o�n�s� �[�1�3�2�]�.� �T�h�e� �s�h�a�p�e� �o�f� �t�h�e� 

�p�r�e�c�r�a�c�k� �f�r�o�n�t� �o�f�t�e�n� �v�a�r�i�e�d� �f�r�o�m� �a� �s�l�i�g�h�t� �m�e�n�i�s�c�u�s� �s�h�a�p�e� �w�h�o�s�e� �c�r�a�c�k� �l�e�n�g�t�h� �r�e�m�a�i�n�e�d� �r�e�l�a�-� 

�t�i�v�e�l�y� �c�o�n�s�t�a�n�t� �a�c�r�o�s�s� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �t�o� �a� �o�f�f� �c�e�n�t�e�r�e�d� �p�a�r�a�b�o�l�i�c� �s�h�a�p�e�d� �c�r�a�c�k� �f�r�o�n�t� �w�h�o�s�e� 

�c�r�a�c�k� �l�e�n�g�t�h� �c�h�a�n�g�e�d� �a�s� �m�u�c�h� �a�s� �5�0� �%�.� �F�o�r� �t�h�e� �l�a�t�t�e�r� �s�a�m�p�l�e�s� �a�n� �a�v�e�r�a�g�e� �c�r�a�c�k� �l�e�n�g�t�h� �w�a�s� 

�t�a�k�e�n� �f�o�r� �t�h�e� �t�o�u�g�h�n�e�s�s� �c�a�l�c�u�l�a�t�i�o�n�.� �T�h�e� �t�o�u�g�h�n�e�s�s� �v�a�l�u�e�s� �f�o�r� �t�h�e� �l�a�t�t�e�r� �c�r�a�c�k� �f�r�o�n�t�s� �d�i�d� �n�o�t� 

�s�h�o�w� �a�n�y� �a�b�n�o�r�m�a�l� �t�r�e�n�d�s� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �d�a�t�a�.� 

�T�h�e� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �f�o�r� �t�h�e� �m�o�d�e� �|�,� �K�y�,� �l�o�a�d�i�n�g� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �e�q�u�a�t�i�o�n� �5�.�7�.� 

� � �K�,�.�= ��-� �-� �z� �(�2�.�9�(�a�/�w�)�°�?�  �� �4�.�6�(�a�/�w�)�'� �+� �2�1�.�8�(�a�/�w�)�*�>�  �� �3�7�.�6�(�a�/�w�)�*�>� �+� �3�8�.�7�(�a�/�w�)�*�?�)� �[�5�.�7�]� 
�b�w� 

�w�h�e�r�e�:� 

�p� �=� �m�a�x�i�m�u�m� �l�o�a�d� 

�S�s� �=� �s�p�a�n� �l�e�n�g�t�h� 
�4� 

�b� �=� �t�h�i�c�k�n�e�s�s� 

�w� �=� �w�i�d�t�h� 

�a� �=� �c�r�a�c�k� �l�e�n�g�t�h� 

�T�h�e� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �f�o�r� �m�o�d�e� �|� �l�o�a�d�i�n�g� �G�i�c�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �c�h�a�r�t� 

�r�e�c�o�r�d�i�n�g� �o�f� �t�h�e� �f�r�a�c�t�u�r�e� �t�e�s�t�s� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �5�.�8�.� 
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�o�f�f� �l�e�a�v�i�n�g� �t�h�e� �p�r�e�c�r�a�c�k�e�d� �r�e�g�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�5� �i�n�c�h�e�s� �i�n� �l�e�n�g�t�h�.� �T�h�e� 

�s�a�m�p�l�e� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �a� �2� �o�z�.� �p�l�a�s�t�i�c� �c�u�p� �a�n�d� �c�o�v�e�r�e�d� �w�i�t�h� �0�.�5� �i�n�c�h�e�s� �o�f� �a� 

�q�u�i�c�k� �s�e�t�t�i�n�g� �e�p�o�x�y�.� �A�f�t�e�r� �2�4� �h�o�u�r�s�,� �t�h�e� �c�u�r�e�d� �e�p�o�x�y� �b�l�o�c�k� �w�a�s� �r�e�m�o�v�e�d�.� 

�T�h�e� �s�a�m�p�l�e� �w�a�s� �t�h�e�n� �s�a�n�d�e�d� �a�n�d� �p�o�l�i�s�h�e�d� �f�o�l�l�o�w�i�n�g� �a� �p�r�o�c�e�d�u�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �u�s�e�d� 

�b�y� �H�o�l�i�k� �a�n�d� �c�o�w�o�r�k�e�r�s� �a�t� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �[�1�3�5�]�.� �T�h�e� �b�o�t�t�o�m� �s�i�d�e� �o�f� �t�h�e� �b�l�o�c�k� �w�a�s� �s�a�n�d�e�d� 

�d�o�w�n� �t�o� �e�x�p�o�s�e� �t�h�e� �m�i�d�d�l�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �s�p�e�c�i�m�e�n�.� �T�h�e� �s�a�n�d�i�n�g� �w�a�s� �p�e�r�-� 

�f�o�r�m�e�d� �o�n� �p�o�l�i�s�h�i�n�g� �w�h�e�e�l�s� �u�s�i�n�g� �s�a�n�d� �p�a�p�e�r� �o�f� �d�e�c�r�e�a�s�i�n�g� �c�o�a�r�s�e�n�e�s�s�,� �1�8�0�,� �2�4�0�,� �3�2�0�,� �4�0�0� �a�n�d� 

�6�0�0� �g�r�i�t�.� 

�A� �s�t�e�a�d�y� �s�t�r�e�a�m� �o�f� �w�a�t�e�r� �w�a�s� �a�l�w�a�y�s� �u�s�e�d� �t�o� �w�e�t� �t�h�e� �s�a�n�d�p�a�p�e�r� �s�o� �a�s� �t�o� �c�o�o�l� �t�h�e� 

�s�a�m�p�l�e� �a�n�d� �p�r�e�v�e�n�t� �a�n�y� �a�l�t�e�r�a�t�i�o�n� �o�f� �t�h�e� �p�l�a�s�t�i�c� �z�o�n�e� �d�u�e� �t�o� �o�v�e�r�h�e�a�t�i�n�g�.� �D�i�r�e�c�t�i�o�n� �o�f� �s�a�n�d�i�n�g� 

�w�a�s� �C�h�a�n�g�e�d� �b�y� �9�0� �d�e�g�r�e�e�s� �e�a�c�h� �t�i�m�e� �t�h�e� �s�a�n�d�p�a�p�e�r� �w�a�s� �e�x�c�h�a�n�g�e�d� �t�o� �t�h�e� �n�e�x�t� �f�i�n�e�n�e�s�s�.� 

�T�h�i�s� �w�a�s� �d�o�n�e� �s�o� �t�h�a�t� �t�h�e� �s�a�n�d�i�n�g� �w�a�s� �p�e�r�f�o�r�m�e�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�a�n�d�i�n�g� �s�c�r�a�t�c�h�e�s� �l�e�f�t� 

�b�e�h�i�n�d� �f�r�o�m� �t�h�e� �p�r�e�v�i�o�u�s� �p�a�p�e�r�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �e�n�a�b�l�e�d� �t�h�e� �o�p�e�r�a�t�o�r� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�n� �t�h�e� 

�p�r�e�v�i�o�u�s� �s�c�r�a�t�c�h�e�s� �h�a�d� �b�e�e�n� �r�e�m�o�v�e�d�.� �W�h�e�n� �t�h�e� �s�c�r�a�t�c�h�e�s� �w�e�r�e� �r�e�m�o�v�e�d�,� �t�h�e� �s�a�n�d�p�a�p�e�r� 

�w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �t�h�e� �n�e�x�t� �g�r�e�a�t�e�r� �f�i�n�e�n�e�s�s�.� 

�A�f�t�e�r� �s�a�n�d�i�n�g�,� �t�h�e� �s�a�m�p�l�e� �w�a�s� �p�o�l�i�s�h�e�d� �u�s�i�n�g� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �p�o�w�d�e�r�s� �w�h�i�c�h� �w�e�r�e� 

�p�o�u�r�e�d� �a�s� �a� �w�a�t�e�r� �s�l�u�r�r�y� �o�n�t�o� �a� �c�l�o�t�h� �l�a�p�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �p�o�l�i�s�h�i�n�g� �w�h�e�e�l�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� 

�p�o�l�i�s�h�e�d� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �i�t� �h�a�d� �b�e�e�n� �s�a�n�d�e�d�,� �u�s�i�n�g� �1�.�0�,� �0�.�3�,� �a�n�d� �0�.�0�5� �u�m�.� �T�h�e� �p�o�l�i�s�h�e�d� 

�b�o�t�t�o�m� �s�i�d�e� �w�a�s� �t�h�e�n� �g�l�u�e�d�,� �u�s�i�n�g� �q�u�i�c�k� �s�e�t�t�i�n�g� �e�p�o�x�y�,� �t�o� �a� �s�t�a�c�k� �o�f� �e�i�g�h�t� �g�l�a�s�s� �m�i�c�r�o�s�c�o�p�e� 

�s�l�i�d�e�s�.� �T�h�e� �s�l�i�d�e�s� �w�e�r�e� �g�l�u�e�d� �t�o�g�e�t�h�e�r� �b�y� �s�p�r�e�a�d�i�n�g� �s�o�m�e� �e�p�o�x�y� �a�l�o�n�g� �t�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� 

�s�t�a�c�k�.� �T�h�e� �s�t�a�c�k� �o�f� �s�l�i�d�e�s� �w�a�s� �n�e�e�d�e�d� �t�o� �i�m�p�r�o�v�e� �h�a�n�d�l�i�n�g� �o�f� �t�h�e� �s�a�m�p�l�e� �a�s� �i�t� �w�a�s� �b�e�i�n�g� 

�s�a�n�d�e�d�.� 

�T�h�e� �t�o�p� �s�i�d�e� �o�f� �t�h�e� �b�l�o�c�k� �w�a�s� �s�a�n�d�e�d� �d�o�w�n� �u�n�t�i�l� �i�t� �w�a�s� �r�e�d�u�c�e�d� �t�o� �a� �w�a�f�e�r� �o�f� �0�.�1� �m�m� 

�t�h�i�c�k�n�e�s�s� �o�r� �l�e�s�s�.� �T�h�i�s� �s�i�d�e� �w�a�s� �t�h�e�n� �p�o�l�i�s�h�e�d� �j�u�s�t� �a�s� �a�b�o�v�e�.� �I�t� �w�a�s� �i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� �f�i�n�a�l� 

�p�o�l�i�s�h�i�n�g� �d�i�r�e�c�t�i�o�n� �w�a�s� �i�n� �a� �p�e�r�p�e�n�d�i�c�u�l�a�r� �d�i�r�e�c�t�i�o�n� �t�o� �t�h�e� �c�r�a�c�k� �s�o� �t�h�a�t� �s�c�r�a�t�c�h�e�s� �l�e�f�t� �b�y� �t�h�e� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�3�5



�p�o�l�i�s�h�i�n�g� �w�o�u�l�d� �n�o�t� �b�e� �m�i�s�t�a�k�e�n� �f�o�r� �d�e�f�o�r�m�a�t�i�o�n� �l�i�n�e�s� �c�a�u�s�e�d� �b�y� �t�h�e� �c�r�a�c�k�.� �A�f�t�e�r� �t�h�e� �s�a�m�p�l�e� 

�w�a�s� �p�o�l�i�s�h�e�d�,� �t�h�e� �t�o�p� �s�l�i�d�e� �w�a�s� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �s�t�a�c�k� �b�y� �s�a�n�d�i�n�g� �a�w�a�y� �t�h�e� �e�p�o�x�y� �h�o�l�d�i�n�g� 

�t�h�e� �s�t�a�c�k� �t�o�g�e�t�h�e�r� �a�w�a�y�.� 

�§�.�1�0�.�3�.�2� �O�p�t�i�c�a�l� �M�i�c�r�o�g�r�a�p�h� �C�o�n�d�i�t�i�o�n�s� 

�O�p�t�i�c�a�l� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �p�o�l�i�s�h�e�d� �c�r�o�s�s� �s�e�c�t�i�o�n�s� �w�e�r�e� �t�a�k�e�n� �u�s�i�n�g� �a� �S�p�e�c�t�r�o� �T�e�c�h� 

�I�R�-�P�l�a�n� �M�i�c�r�o�s�c�o�p�e�.� �B�o�t�h� �4�x� �a�n�d� �1�0�X� �o�b�j�e�c�t�i�v�e�s� �w�e�r�e� �u�s�e�d� �h�a�v�i�n�g� �n�u�m�e�r�i�c�a�l� �a�p�e�r�t�u�r�e�s� �o�f� 

�0�.�1�0� �a�n�d� �0�.�2�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �|� �T�h�e� �o�b�j�e�c�t�i�v�e�s� �w�e�r�e� �u�s�e�d� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �e�i�t�h�e�r� �a� �2�.�5�X� �o�r� �6�.�7�X� 

�N�F�K� �l�e�n�s�e� �p�r�o�d�u�c�i�n�g� �a� �v�a�r�i�a�t�i�o�n� �i�n� �m�a�g�n�i�f�i�c�a�t�i�o�n� �f�r�o�m� �1�0�X� �t�o� �6�7�X�.� 

�M�i�c�r�o�g�r�a�p�h�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �c�r�o�s�s� �p�o�l�a�r�i�z�e�d� �t�r�a�n�s�m�i�t�t�e�d� �l�i�g�h�t� �u�s�i�n�g� �b�o�t�h� �b�r�i�g�h�t� �a�n�d� 

�d�a�r�k� �f�i�e�l�d� �i�l�l�u�m�i�n�a�t�i�o�n�.� �E�x�p�o�s�u�r�e� �t�i�m�e�s� �w�e�r�e� �a�u�t�o�m�a�t�i�c�a�l�l�y� �s�e�t� �u�s�i�n�g� �a� �P�M�-�1�0�A�D� �p�h�o�t�o� 

�m�i�c�r�o�g�r�a�p�h�i�c� �e�x�p�o�s�u�r�e� �c�o�n�t�r�o�l�l�e�r� �f�r�o�m� �O�l�y�m�p�u�s�.� �-�K�o�d�a�c�h�r�o�m�e� �A�S�A� �1�0�0� �o�r� �E�c�t�a�c�h�r�o�m�e� �H�C� 

�A�S�A� �2�5� �w�e�r�e� �u�s�e�d� �f�o�r� �f�i�l�m�.� 

�5�.�1�1� �C�h�e�m�i�c�a�l�s� 

�T� 
�5�.�1�1�.�1� �B�i�s�p�h�e�n�o�l� �A� �(�B�i�s� �A�)� �w�o� �) ��c�  ��{�_� �)�-�o�n� 

�o�n�,� 
�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�:� �2�2�8�.�7� 

�M�e�l�t�i�n�g� �P�o�i�n�t�:� �1�5�5� �°�C� 

�S�u�p�p�l�i�e�r�:� �D�o�w� �C�h�e�m�i�c�a�l�,� �U�S�A� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� �R�e�c�r�y�s�t�a�l�l�i�z�e� �i�n� �t�o�l�u�e�n�e�,� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�3�6



�5�.�1�1�.�2� �D�i�f�l�u�o�r�o�b�e�n�z�o�p�h�e�n�o�n�e� �(�D�F�B�P�)� 

�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�:� 

�M�e�l�t�i�n�g� �P�o�i�n�t�:� 

�S�u�p�p�l�i�e�r�:� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� 

�5�.�1�1�.�3�.� �m�-�A�m�i�n�o�p�h�e�n�o�l� 

�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�:� 

�M�e�l�t�i�n�g� �P�o�i�n�t�:� 

�S�u�p�p�l�i�e�r�:� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� 

�§�.�1�1�.�4� �M�a�l�e�i�c� �A�n�h�y�d�r�i�d�e� 

�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�:� 

�M�e�l�t�i�n�g� �P�o�i�n�t�:� 

�S�u�p�p�l�i�e�r�:� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� 

�O� 
�|� 

�2�1�8� �F� �C� �F� 
�1�0�5� �°�C� 
�I�C�}� 

�R�e�c�r�y�s�t�a�l�l�i�z�e� �i�n� �d�i�e�t�h�y�l� �e�t�h�e�r�,� �d�r�i�e�d� �u�n�d�e�r� �v�a�c�u�u�m� 

�N�H�,� 

�1�0�8�.�1�3� �H�O� 

�1�2�4�-�1�2�6� �°�C� 

�A�l�d�r�i�c�h� 

�S�u�b�l�i�m�i�n�a�t�i�o�n�,� �s�t�o�r�e�d� �i�n� �d�e�s�s�i�c�a�t�o�r� 

�O� 

�)� 
�9�8�.�0�6� �O� �|� 

�5�4�-�5�6� �°�C� 

�O� 
�A�l�d�r�i�c�h� 

�S�u�b�l�i�m�i�n�a�t�i�o�n�,� �s�t�o�r�e�d� �i�n� �d�e�s�s�i�c�a�t�o�r� 

�5�.�1�1�.�5� �1�,�1 ��-�(�M�e�t�h�y�l�e�n�e�-�4�,�1�-�p�h�e�n�y�l�e�n�e�)� �B�i�s�m�a�l�e�i�m�i�d�e� �(�B�M�I�)� 

�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�:� 

�S�u�p�p�l�i�e�r�:� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� 

�C�h�a�p�t�e�r� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

�O�o� �O�o� 
�|� �|� 

�3�5�8�.�3�6� �O�H� �P�t� �|� 
�|� �B�A�S�F� �I� �j� 

�U�s�e�d� �a�s� �r�e�c�e�i�v�e�d� 

�1�3�7



�5�.�1�1�.�6� �N�-�M�e�t�h�y�l� �2� �P�y�r�r�o�l�i�d�i�n�o�n�e� �(�N�M�P�)� 

�D�e�n�s�i�t�y�:� 

�B�o�i�l�i�n�g� �P�o�i�n�t�:� 

�S�u�p�p�l�i�e�r�:� 

�P�u�r�i�f�i�c�a�t�i�o�n�:� 

�O� 

�|� 
�1�.�0�2�6� �(�g�/�c�m�?� �(�g�/�e�m�*�)� �[�n�e�u� 
�2�0�2� �°�C� 

�F�i�s�h�e�r� 

�V�a�c�u�u�m� �d�i�s�t�i�l�l�e�d� �f�r�o�m� �c�a�l�c�i�u�m� �h�y�d�r�i�d�e� 

�5�.�1�1�.�7� �P�o�t�a�s�s�i�u�m� �C�a�r�b�o�n�a�t�e� 
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�C�h�a�p�t�e�r� �6� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�6�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �r�e�s�u�l�t�s� �a�n�d� �d�i�s�c�u�s�s�i�o�n� �p�o�r�t�i�o�n� �o�f� �t�h�i�s� �t�h�e�s�i�s� �w�i�l�l� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �c�h�a�p�t�e�r�s�.� �I�n� 

�t�h�e� �f�i�r�s�t� �c�h�a�p�t�e�r� �t�h�e� �p�h�y�s�i�c�a�l� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �P�A�E�K� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �a�n�d� 

�t�h�e�r�m�o�s�e�t�s� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d�.� �I�n�c�l�u�d�e�d� �w�i�l�l� �b�e� �s�e�c�t�i�o�n�s� �d�e�a�l�i�n�g� �w�i�t�h� �t�h�e� �c�h�e�m�i�c�a�l� �c�h�a�r�a�c�t�e�r�-� 

�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�t�a�r�t�i�n�g� �o�l�i�g�o�m�e�r�s�,� �t�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �n�e�t�w�o�r�k�s� �b�y� �g�e�l�a�t�i�o�n� �a�n�d� �s�w�e�l�l�i�n�g� 

�e�x�p�e�r�i�m�e�n�t�s�,� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �t�e�n�s�i�l�e� �a�n�d� �c�r�e�e�p� �b�e�h�a�v�i�o�r�,� �a�n�d� �f�i�n�a�l�l�y� �a� �d�e�t�a�i�l�e�d� �s�t�u�d�y� �o�f� 

�f�r�a�c�t�u�r�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e�s�e� �n�e�t�w�o�r�k�s�.� �C�h�a�p�t�e�r� �7� �e�x�a�m�i�n�e�s� �t�h�e� �s�a�m�e� �p�a�r�a�m�e�t�e�r�s� �a�s� �a�b�o�v�e� �b�u�t� 

�f�o�r� �b�i�s�m�a�l�e�i�m�i�d�e� �n�e�t�w�o�r�k�s� �m�o�d�i�f�i�e�d� �w�i�t�h� �p�o�l�y�a�r�y�l�e�n�e� �e�t�h�e�r� �k�e�t�o�n�e� �o�l�i�g�o�m�e�r�s�.� �C�h�a�p�t�e�r� �8� �a�t�-� 

�t�e�m�p�t�s� �t�o� �c�o�r�r�e�l�a�t�e� �t�h�e� �a�b�o�v�e� �d�a�t�a� �s�o� �a�s� �t�o� �p�r�o�p�o�s�e� �a� �m�o�l�e�c�u�l�a�r� �s�c�a�l�e� �t�o�u�g�h�e�n�i�n�g� �m�e�c�h�a�n�i�s�m� 

�f�o�r� �t�h�i�s� �m�a�t�e�r�i�a�l�.� 
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�6�.�2�.�1� �P�h�y�s�i�c�a�l� �a�n�d� �C�h�e�m�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �S�y�n�t�h�e�s�i�z�e�d� �O�l�i�g�o�m�e�r�s� 

�T�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �o�l�i�g�o�m�e�r�s� �u�s�e�d� �i�n� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �n�e�t�w�o�r�k�s� 

�i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�0�.� �T�h�e� �t�i�t�r�a�t�e�d� �m�o�l�e�c�u�l�a�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �a�n�d� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �a�r�e� 

�a�l�l� �r�e�a�s�o�n�a�b�l�e� �v�a�l�u�e�s� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e�i�r� �t�h�e�o�r�e�t�i�c�a�l� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�.� �I�n�c�l�u�d�e�d� �a�r�e� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �t�h�e� �f�i�n�a�l� �c�u�r�e�d� �n�e�t�w�o�r�k�s�.� �T�g� �i�s� �s�e�e�n� �t�o� �d�e�c�r�e�a�s�e� �s�l�i�g�h�t�l�y� �a�s� �t�h�e� 

�s�t�a�r�t�i�n�g� �o�l�i�g�o�m�e�r�i�c� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s�.� �T�h�i�s� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�e�d�o�m� 

�o�f� �c�h�a�i�n� �m�o�t�i�o�n� �a�s� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �d�e�c�r�e�a�s�e�s�.� 

�T�a�b�l�e� �1�1� �d�i�s�p�l�a�y�s� �t�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �p�r�o�t�o�n� �N�M�R�,� 

�t�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �a�n�d� �d�y�n�a�m�i�c� �m�e�l�t� �v�i�s�c�o�s�i�t�i�e�s� �a�t� �2�3�0� �°�C� �a�n�d� �1� �H�z� �f�o�r� �t�h�e� �t�-�b�u�t�y�l�p�h�e�n�y�l� 

�t�e�r�m�i�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s�.� �A�s� �w�i�t�h� �t�h�e� �o�l�i�g�o�m�e�r�s� �o�f� �T�a�b�l�e� �1�0�,� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� 

�v�i�s�c�o�s�i�t�i�e�s� �v�a�l�u�e�s� �a�r�e� �r�e�a�s�o�n�a�b�l�e� �f�o�r� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �t�h�e�o�r�e�t�i�c�a�l� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�.� �A� �p�l�o�t� 

�o�f� �m�e�l�t� �v�i�s�c�o�s�i�t�y� �v�e�r�s�u�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�5�.� �V�i�s�c�o�s�i�t�y� �i�n�c�r�e�a�s�e�s� �s�l�o�w�l�y� 

�i�n�i�t�i�a�l�l�y� �a�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s�.� �H�o�w�e�v�e�r� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�1�,�0�0�0� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� 

�t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �v�i�s�c�o�s�i�t�y� �i�n�c�r�e�a�s�e�s�,� �r�i�s�e�s� �d�r�a�m�a�t�i�c�a�l�l�y� �a�n�d� �r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t�.� �T�h�e� �p�o�i�n�t� 

�w�h�e�r�e� �t�h�i�s� �r�a�t�e� �j�u�m�p� �o�c�c�u�r�s�,� �i�n�d�i�c�a�t�e�s� �t�h�e� �o�n�s�e�t� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t� �f�o�r�m�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�c�h�a�i�n�s�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�t� �t�h�i�s� �p�o�i�n�t�,� �1�1�,�0�0�0�,� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t� 

�m�o�l�e�c�u�l�a�r�,� �M�e�,� �a�n�d� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �c�h�a�i�n� �s�e�g�m�e�n�t� �b�e�t�w�e�e�n� 

�e�n�t�a�n�g�l�e�m�e�n�t� �p�o�i�n�t�s�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �1� �H�Z� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �m�e�a�s�u�r�e�d� �f�r�e�q�u�e�n�c�y� 

�s�i�n�c�e� �i�t� �w�a�s� �w�i�t�h�i�n� �t�h�e� �N�e�w�t�o�n�i�a�n� �r�e�s�p�o�n�s�e�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �o�l�i�g�o�m�e�r�s�.� 

�T�h�e� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �b�l�e�n�d�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� �t�-�b�u�t�y�l� �p�h�e�n�y�l� �t�e�r�m�i�-� 

�n�a�t�e�d� �P�E�K�E� �o�l�i�g�o�m�e�r�s� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�2�.� �S�e�v�e�r�a�l� �o�f� �t�h�e� �b�l�e�n�d�s� �p�o�s�s�e�s�s� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �t�h�o�u�s�a�n�d� �g�r�a�m�s� �p�e�r� �m�o�l�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t�.� �E�v�e�n� �t�h�o�u�g�h� �t�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �l�a�r�g�e�,� �i�t� �i�s� �n�o�t� �o�v�e�r�l�y� �e�x�c�e�s�s�i�v�e�.� 
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�T�a�b�l�e� �1�0�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �f�u�n�d�t�i�o�n�a�l�i�z�e�d� �P�E�K�E� �a�n�d� �P�E�K�K�E� �o�l�i�g�o�m�e�r�s� �a�n�d� �t�h�e�i�r� �a�s�s�o�c�i�a�t�e�d� 
�n�e�t�w�o�r�k�s�.� 

�T�h�e�o�r�e�t�i�c�a�l� �T�i�t�r�a�t�e�d� �N�e�t�w�o�r�k� 
�<�M�n�>� �<�M�n�>� �[�y�]�'� �T�g� �(�°�C�)� 

�O�l�i�g�o�m�e�r� �(�g�/�m�o�l�e�)� �(�g�/�m�o�l�e�)� �(�d�i�/�g�)� �D�S�C� �D�M�T�A� 

�P�E�K�E� �N�H�,� �2�,�5�0�0� �-� �-� �1�6�2� �1�6�6�M� 
�5�,�0�0�0� �6�,�6�0�0� �-� �1�5�8� �-� 
�1�0�,�0�0�0� �1�1�,�8�8� �0�.�2�9� �1�5�6� �-� 

�P�E�K�E� �M�I� �2�,�5�0�0� �3�,�1�0�0� �0�.�1�6� �-� �1�5�8�N� 
�5�,�0�0�0�?� �o�e� �0�.�2�2� �-� �-� 
�5�,�0�0�0� �5�,�4�0�0� �0�.�2�2� �-� �1�5�0�%� 
�5� �0�0�0�°� �5�,�9�0�0� �0�.�2�7� �-� �-� 
�7�,�5�0�0� �8�,�6�0�0� �0�.�3�2� �-� �1�4�9�%� 
�1�0�,�0�0�0� �1�0�,�7�0�0� �0�.�4�8� �-� �1�4�9�N� 
�1�4�,�0�0�0� �4�1�6�,�0�0�0� �0�.�4�1� �-� �4�5�5�N� 

�P�E�K�E� �c�o� �c�o� �1�.�4� �1�5�7� �4�5�3�N� 

�P�E�K�E� �N�D�I� �2�,�5�0�0� �2�,�7�0�0� �0�.�1�5� �1�7�4� �4�7�5�M� 
�5�,�0�0�0� �5�,�6�0�0� �0�.�2�9� �1�6�0� �-� 
�7�,�5�0�0� �8�,�0�0�0� �0�.�3�2� �4�5�9� �-� 
�1�0�,�0�0�0� �1�0�,�0�0�0� �0�.�3�7� �1�6�2� �1�6�0 �� 

�P�E�K�K�E� �M�I� �2�,�5�0�0� �2�,�7�0�0� �0�.�1�3� �1�7�7� �1�6�5�°�,� �1�7�5�M� 
�5�,�0�0�0� �5�,�8�0�0� �0�.�3�3� �1�7�5� �1�6�0�°� 
�4�0�,�0�0�0� �4�1�,�3�0�0� �0�.�5�3� �1�6�9� �1�5�5�9� 

�P�E�K�K�E� �c�o�  �� �0� �-� �1�.�3� �1�5�0�°� 

�1�:� �C�H�C�l�;� �s�o�l�v�e�n�t� �a�t� �2�5� �°�C� 
�2�:� �u�s�e�d� �f�o�r� �l�e�n�g�t�h� �o�f� �c�u�r�e� �s�t�u�d�y� 
�3�:� �u�s�e�d� �f�o�r� �a�n�n�e�a�l�i�n�g� �s�t�u�d�y� 
�N�H�,�:� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� 
�M�I�:� �m�a�l�e�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� 
�N�D�I�:� �n�a�d�i�m�i�d�e� �t�e�r�m�i�n�a�t�e�d� 
�c�o�:� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 
�N�,� �M�,� �Q�:� �D�M�T�A� �c�l�a�m�p� �s�i�z�e� 
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